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Abstract 
The thesis introduces novel techniques to study the effects of moulding materials including 
different fabric architecture on the strength of pultruded adhesive joints and how to 
improve it. The overall objectives are (i) to devise laboratory techniques which mimic the 
pultrusion moulding process using glass fabric and vinyl ester resin and other moulding 
materials, (ii) to optimise the moulding materials and maximise the level of adhesion of the 
pultrusion and hence to improve the structural efficiency of the joints and (iii) to determine 
critical stresses and failure initiation through thickness of the composite laminate using 
multi-scale modeling. 
A laboratory pseudo pultrusion technique was developed here, based on moulding of small 
laminates (meso-scale). A special moulding jig was designed and manufactured to 
represent pultrusion close mould conditions. The meso-scale laminates were then 
sandwiched between aluminum adaptors to form shear and tensile specimens, using 
purposely designed bonding jigs.  The bonded specimens were tested under a monotonic 
tensile loading, at ambient laboratory conditions. The joint strength, were determined in 
relation to the fabric organisation for the outer layers. 
 Both surface and subsurface fracture of laminates were optically examined to determine 
loci of failure and level of void/micro defects and their impact on failure load. The 
transverse adhesive stresses/loading governs the initiation of failure near the edge of the 
joint and then propagates at the fibre-matrix interface, just below the coating layer, 
especially in the presence of voids.  In the case of coated specimens the failure of rovings 
is deeper beneath the composite surface. 
2-D macro, meso and micro-scale numerical models were constructed in ABAQUS. The 
meso-scale models took into account the multi-through thickness materials i.e. adhesive, 
coating resin, impregnated glass fabric and interlaminar matrix resin. The focus was on the 
composite top layer due to determine the peel/transverse stresses. Good agreements in the 
level of transverse and interlaminar stresses were found between the macro and meso-scale 
shear models. In addition, micro-scale models based on single filament/matrix interface 
were analysed to determine a more accurate stress at the interfaces including the effect of 
voids.  Furthermore, a micro-scale model was used to explain the effect of combined 
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longitudinal/transverse loadings of filament on the level of transverse stress on the 
composite surface. The findings from these models help to explain the reason for the lack 
of correlation between the tensile and shear meso-scale models with reference to transverse 
stress. 
This study demonstrated the worthiness of the “pseudo pultrusion” technique to study 
pultrusion and adhesion. Among various kinds of fabric architecture, the inlaid/random 
combination mat (IR) produced the best joint strength results and this ought to be 
considered by pultruders for top layers of fabric instead of more conventional fabrics.  The 
study also showed that the Maximum stress theory provides a good failure prediction tool 
in relation to composite transverse stress at the composite surface. Micro-scale models are 
very important in determining the actual failure stresses and they also help to explain the 
mechanics of filament/resin failure under longitudinal and transverse loadings.   
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Acronyms and Abbreviation 
ASTM  American Society for Testing Materials 
BS  British Standard 
FRP  Fibre reinforced polymer 
GFRP  Glass fibre reinforced polymer 
FEA  Finite element analysis 
DLS  Double lap shear 
UTS  Ultimate tensile strength 
Volume fraction  Fraction of fibres per unit of composite 
rule of mixtures  An analytical technique which gives expressions for the 
modulus of the composite based on the constituent’s 
mechanical properties 
Isotropic  The material properties are independent of direction at every 
point in the body 
Orthotropic  A material is said to be orthotropic if it has properties  
/strengths that are different in different orthogonal directions 
Anisotropic  The properties of the material are different in all directions at 
a point in the body 
Thixotropy  The property of some fluids to show a time dependent 
variation in viscosity; the longer the fluid undergoes  shear 
stress, the lower is its viscosity 
Adherend  A body that is held together by an adhesive 
Analytical  Analysis or calculations of a certain topic to gain numerical 
solutions 
Curing  To harden an adhesive so that it is at its optimum strength 
Accelerator  A material that when mixed with a catalyst or resin, speed up 
the curing process 
Hardener    A substance missed to a resin to promote curing 
Cross-Head  The vertical movement of the specimens during tensile 
testing 
Meso  A scale of size settled between the macro and mirco level 
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Mould  The tooling in which the impregnated rovings is placed to 
give the correct shape to the part 
Moulding  The process in which the part manufactured in a mould 
Impregnation  The process of introducing the resin into filament bundles or 
fabric laid up in a mould 
PTFE  Polytetrafluoroethylene 
Roving  A large grouping of carbon fibre filaments packaged together 
onto a single spool 
Strand  An untwisted bundle of fibres 
Mat  A material held fibre together with a binder or by needling 
CFM  Continuous filament mat 
CSM  Chopped strand mat 
Warp  Longitudinal directional fibres in woven fabric 
Weft  Transverse directional fibres in woven fabric 
Size  A treatment applied to yarns or fibres to protect their surface 
and facilitate handing 
Tex  A unit of linear density equal to the mass in grams of 1000 
meters of filament or yarn 
Tow  A bundle of continuous filaments that are untwisted typically 
600-9600 Tex may be either directly spooled or assembled 
bundles 
Yarn  A bundle of filaments that have been twisted, generally used 
for processing into fabric 
gsm  Grams per square meter 
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Chapter 1 
 
Introduction 
 
 
 
1.1 Motivation 
Glass fibre reinforced plastic (GFRP) has great potential to replace traditional materials 
used in structures today. The reasons for this include the high strength to weight ratio of 
FRP composites and excellent corrosion properties to name a few. These properties would 
provide for a much reduced weight and more efficient performance which are highly 
desired in several critical fields such as the marine, aerospace, automotive and civil 
industries. However, as stated, the use of this material requires better understanding into 
the crack initiation and propagation process for these materials.  
This research investigates the possibility of using pultruded composite planks for the 
manufacture of advanced fast ships, ship decks, bridges and certain aerospace applications. 
Pultruded composites used in macro-scale structures for modern day applications offer 
many advantages over conventional materials. The main engineering challenge when 
designing structures made from composite materials is the joining process. Commercially 
available pultruded composite planks are generally only available in lengths up to 15m, 
which makes joining inevitable. However this depends on the suitability for these 
components to be adhesively bonded end-to-end, in a similar manner as for a double lap 
shear (DLS) joint, often referred to as butt connection.  Figure 1.1 shows the concept of 
pultrusion application to ship decks. The adhesive butt joint in this case would be the most 
efficient way to join these planks side-to-side and end-to-end. The latter is more a critical 
connection which is more or less represents a DLS joint, as illustrated in the figure. Such a 
concept could be comparative to aluminium extrusions which are currently fabricated by 
welding in ship constructions. The layers arrangements in this section require optimisation 
to suit adhesive bonding (joining), in order to be competitive to aluminium extrusions and 
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their fabrication by welding.   
 
Figure 1.1: Concept bonded pultruded planks to replace aluminum decking [147] 
The complex nature of delamination within these bonded joints results in there being a 
limited understanding of the cause of failure. Therefore, the motivation of this research has 
arisen from the need to develop meso-scale models which represent critical locations 
within DLS joints and cater for the variation in architecture of the through thickness 
materials. This is to enable a better understanding of the failure occurring in macro-scale 
models, which otherwise could not be examined on a macro-level due to modelling 
difficulties. When composite structures are assessed on the macro-scale, areas that are 
likely to raise stress concentrations can be observed, and therefore average failure data can 
be predicted. However when analysed on the meso-scale, the ability to predict how and 
why the material failed can be better understood. The schematics below in Figure 1.2 
represent models of a DLS joint and its meso-scale equivalent that are to be analysed 
within this research. It may be assumed that a micro-scale falls into 10s of mm in terms of 
overlap length, where the meso-scale would be 10mm or less. The micro-scale is governed 
by the size of different which is about 16µm. 
 
                                                                                                                                                                              
                                                                                                                         Chapter 1: Introduction 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       3 
 
              
                          
Figure 1.2: Principle of multi-scale modelling 
Thus, as can be observed from the figure above, the through thickness stress in the meso-
scale model is somewhat different to that found in the macro-scale model and hence failure 
can be better understood by the ability to examine the stress distribution within each meso 
layer.  
1.2 Overview 
The potential of GFRP, based on weak matrix systems such as vinyl ester resin for 
pultrusions in marine and similar structures, can be realised if the structural efficiency of 
the adhesive joint for these sections is increased. Efficient methods of joining composite 
structures are either adhesively bonding or mechanically fastening [1]. The tensile strength 
capacity of mechanical fastened joints is 50% of the adherend tensile strength. The low 
capacity is largely due to local stress concentration caused by fasteners. The introduction 
of holes in the composite leads to high stress concentrations and hence thicker and heavier 
walls. Such high stress concentrations from the edges of the hole can affect the strength of 
composite. Mechanical joining is limited by the bearing strength of their substrates. In a 
                                                                                                                                                                              
                                                                                                                         Chapter 1: Introduction 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       4 
 
case when one or both of the substrates are composites, resin failure at fastener holes and 
the difference in stiffness properties between the fastener and composite substrate create 
bearing stresses and affect the structural integrity at the joint. In addition bolted joints often 
require heavy straps or clamps which add to the weight of structure. Therefore joining 
techniques used for metals, such as bolting and riveting are not very suitable for joining 
composite material and adhesive bonding is the best way forward, enabling designers to 
take full advantages of their properties.  However, this relatively new joining technique is 
not fully understood for advanced composites, especially pultrusions. 
Adhesive joining is the process in which the composites must be joined together with 
adhesive through surface adherence (adhesion) and internal strength (cohesion). Adhesive 
bonding does not exhibit high stress concentrations, in the same way for bolted joints as 
illustrated in Figure 1.3. The quality of adhesive bonding to join dissimilar adherends with 
minimal stress concentrations has allowed the designers to use composite materials in 
conjunction with other conventional metals [2]. The tensile strength capacity of adhesively 
bonded joint has the potential to reach 70% of the adherend tensile strength [3]. This is 
very significant considering the high longitudinal tensile strength of the pultruded section. 
It is currently unreasonable to expect better than 40% structural efficiency for basic DLS 
joints based on commercial GFRP pultrusion.  This has been improved to over 50% by 
introducing a low viscosity resin coating to the bonding surface prior to bonding plus using 
metallic outer adherends [4]. The low viscosity resin provides good micro-flow on the 
surface, resulting in a better wetability between the adhesive and the adherend.  
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Figure 1.3: Load distribution in different joints:  
a). riveted joint, b). adhesive joint [2] 
Commercial pultrusion sections often contain uni-directional (UD) reinforcements 
(rovings) at the centre of the laminate, with the skins based on random/continuous filament 
mat (CFM). Pultrusions may be based entirely on UD rovings but this is limited to simple 
narrow sections/strips that are not suitable for structures where transverse loading is 
expected. Figure 1.4 shows typical fabric layers in connection with a concept plank profile. 
The bulk of the composite material is unidirectional continuous rovings, sandwiched 
between random mats and surface veils. The continuous strand mat improves cross fibre 
strength whereas the surface veil improves the surface finish. A possible replacement for 
the random skin mat in large and complex profiles such as this plank could be based either 
on combination mats which incorporate 0/90o inlaid or woven mats on the top of random 
mat. The latter is currently used by pultruders to enhance stiffness and strength better than 
the random mat. The architecture of fabric layers is important for adhesion and this is often 
neglected and dictated by the requirement to balance the stiffness and strength in 
longitudinal and transverse directions of the pultruded sections.  
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Figure1.4: Design concept of a large plank profile with a standard  
fabric arrangement [8] 
1.3 Research objectives 
The potential of pultruded composite planks in stressed-skin structures for ships, aircrafts 
and similar constructions is good. This however, depends on the suitability of these long 
sections to be jointed end to end by adhesive bonding, in the same way as DLS joints. In 
this case the outer straps could be based on good adhesion materials such as steel or epoxy 
based composites which will confine the critical stress locations to the inner 
adherend/pultrusion.  
This research is related to commercial pultrusion moulded from glass fibre and vinyl ester 
resin which represent the inner adherend. The weak resin compromises the through 
thickness strength of the pultrusion (inner adherend) and hence the joint strength. In order 
to improve on this, the architecture of the section layers and post processing requirements 
must be understood and tailored accordingly.  Therefore the aim of this research is to 
develop meso-models representing critical locations within DLS joints, allowing variation 
in the fabric architecture of through thickness materials. This is to enable a better 
understanding of failure and behaviour of the materials employed in the pultrusion and its 
bonding process. Such an understanding may not be achieved on a macro-scale level alone 
due to moulding and modelling difficulties for the materials concerned. 
Previous to this work, pseudo pultrusion 120mm x 120mm x 3mm laminates based on 
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glass fabric and vinyl ester resin were developed in the laboratory. These were then cut 
into standard adherend dimensions and bonded into DLS joints including long overlaps. To 
understand the joint failure and the architecture of the surface fabric layer, it was necessary 
to produce more laminates more effectively. Therefore an alternative moulding technique 
was developed here, based on small laminates (meso-scale). These laminates were 
developed for moulding and adhesive bonding and represent local shear and peel stresses 
that are expected in DLS joints at specific critical locations.  
The research introduces novel techniques to study the effects of moulding materials 
including fabric architecture on the strength of pultruded joints and how to improve it.  
The detailed objectives are:- 
• to develop a laboratory technique which mimic the moulding (pseudo 
pultrusion), based on meso-scale laminates 
• to mould the small laminates (10mmx10mmx1.2mm) and characterise their 
adhesion using shear and tensile adhesive specimens 
• to compare and optimise  glass fabric architecture for top pultrusion layer 
• to compare the level of adhesion of pseudo pultrusion with an equivalent 
commercial  material  
• to develop multi-scale numerical models at micro, meso and macro-scale levels 
to determine critical stresses in bonded composite 
• to identify suitable failure criteria of bonded pultruded composites which helps 
to predict adhesive joint strength. 
1.4 Outline and methodology 
In the next chapter (Chapter 2), an extensive literature review is presented. This is related 
to the essential background of joint analysis through numerical methods. The chapter 
describes the related research carried out on composite materials, adhesives, adhesion, 
major preparation parameters of adhesive bonding and their failures. The pultrusion 
process will be explained in detail with regards to all constitutive materials and their 
relevant literature and applications. 
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Chapter 3 explains the analytical and experimental procedures on various materials used in 
this research to obtain essential mechanical properties. rule of mixtures, Tsai and Hahn 
equations and transversely isotropic material assumptions and experimental testing are 
used. The composite material was tested in accordance with a BS method. The chapter also 
describes how the composite and adhesive test specimens were fabricated. Later, the 
details of experimental testing and their relevant results will follow. Microscopic 
observations were also performed to further complement this work.  
Chapter 4 explains how the meso-scale laminates were moulded with various fabric 
organisations. It also gives details of the mechanical testing procedures, including 
tabulated results and graphical figures - based on experimental data which are then 
compared. Finally the microscopic observations and failure modes are presented. In 
addition, the bonding, testing and results of macro-scale DLS joints were added for 
comparison with meso-scale joints. 
Chapter 5 deals with the multi-scale modelling of the pultruded joints at macro, meso and 
micro-scale levels. The main focus, however, is on modelling of the meso-scale bonded 
laminates taking into account their through thickness materials. This is in order to better 
understand failure within standard DLS joints, which was supported by limited analysis 
using both macro and micro-scale models. The macro-scale model is based on a standard 
DLS joint and the micro-scale model is based on a single filament-matrix resin interface 
under transverse loading. The micro-model also includes the effects of void/micro defects 
at the interface and loading mechanism on the filament. The chapter presents and compares 
all the FEA results. 
Chapter 6 goes into the discussion of material properties, moulding, adhesive bonding, test 
results, numerical modeling and their failure modes. Failure criteria used in this research 
are also discussed in this chapter. This chapter explains the FEA results of both shear and 
tensile meso-scale model and the difference between their results. Good correlation is 
shown during the discussion on macro and meso-scale model comparison. The discussion 
on micro-scale model explained the reason for failure load difference between shear and 
tensile meso-scale models. 
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Finally Chapter 7 presents key conclusions and recommendations for future research. 
1.5 Research management 
It was crucial to employ a research management technique throughout the research, due to 
the limited time scale of the task. Not only did this provide a structured and logical path to 
solving the problem, but it also allowed for the duration of events to be closely monitored.   
Each week, two meetings were held with my PhD supervisor which typically lasted for 
more than one hour. These discussions allowed for the supervisor to monitor the progress 
of the study and were also provided a good time to communicate any useful ideas or issues 
that had occurred within the week.  
Furthermore a logbook was kept in order to write down any calculations, ideas, or 
specifications that were integral to the task. Maintaining a well structured logbook was 
important when compiling results or when referring to specific times of events.   
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Chapter 2 
 
Literature Review 
 
 
 
2.1 Introduction to pultrusion 
2.1.1 Process 
Traditionally, composite manufacturing methods used to be very labour intensive however 
breakthroughs in manufacturing development have resulted in automated processes that 
can produce large quantities of a finished product.  One of the most efficient 
manufacturing techniques developed is that of the pultrusion process. The pultrusion 
process with all its stages is shown in Figure 2.1.  
 
Figure 2.1: The pultrusion process [5] 
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With pultrusion the continuous rovings, which are wound around spools to conserve 
valuable floor space, are drawn through an alignment card after leaving the spools. This is 
to ensure that each roving is straight and separate from one another.  After all the fibres 
have been aligned, they are passed with mat through a resin bath. In order to ensure 
effective wetting, the strands are passed through a series of rollers which cause the rovings 
to spread out [6]. 
This compression action ensures thorough wetting in between each individual fibre. The 
types of resin used commercially are the same as those types discussed earlier (section 
2.2.1). However, property requirements of pultruded components restrict the types of resin 
available. For example, pultrusion resins must have low viscosity, a long enough ‘pot life’ 
in order to allow the continuous process to finish, and also a short curing time so that the 
component holds its final shape after exiting the die. The next stage which is when the 
fibres enter the die and it is arguably the most important stage in the process. This is 
because individual fibres coated in resin enter the die and exit as a cured pultruded 
component. Therefore, the die must undertake a series of important roles if the cured part 
is to be acceptable. For instance, it must maintain fibre alignment, resist any fibre twisting 
and compress the fibres into the desired volume fraction.  Finally the part must be cured 
before it leaves the die in a relatively short time period. After exiting the die, the 
component is mechanically drawn out from the die. This then enables a radial saw, or 
aligned saw teeth to make a clean and precise cut at pre-set intervals along the pultruded 
component.  
When the impregnated roving enters the mould feed, sections are transversely compressed 
inside the mould. The exothermic cross-linking reaction (curing) starts as soon as the 
peroxide (hardener) decomposition temperature is reached and it proceeds from the mould 
surfaces to the centre of the profile. The resin gels and cures cause high forces of friction 
along the mould wall and in the case of hollow profiles - along the mandrels too. The 
continuous roving strands, oriented in a longitudinal direction, absorb the required high 
take-off forces. Mould release agents are introduced into the matrix in order to reduce 
friction forces. Cooling sections in the feed zone of the mould are to keep temperatures 
down in the pultrusion direction so as to avoid premature matrix curing [7] as shown in 
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Figure 2.2.  
 
Figure 2.2: Curing process in the mould [7] 
 
The moulds are electrically heated. Sensors, introduced into various different mould 
sections, afford precise information about the temperature curves in the individual zones 
[7] (see Figure 2.3).  
 
Figure 2.3: Side view of a die with heaters fitted [8] 
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If the reached temperatures are known, then the take-off speed (production rate) may be 
optimised between 0.02 and 3m/min. The continuous process is ensured using caterpillar 
take-off units (pull mechanism) or hydraulic clamps. These may be operated individually, 
jointly, or in parallel. Take-off forces of 6000kg and more can thus be attained. Process 
speeds may vary considerably depending on the wall thickness, the reinforcing structure 
and the complexity of the cross section values between 0.02 and 3m/min may be reached 
[7]. Although the process is cost effective for a high volume production of composite 
components, there are some associated disadvantages: 
• the chosen resin has to be able to cure in a short period of time and this in itself 
presents a problem due to the fact that quick curing resin systems generally 
have lower mechanical properties. Furthermore the process is often run resin-
rich to account for any fibre irregularity which again sacrifices strength [9] 
• limitations to the length of a pultruded section are the maximum length that can 
fit in the composite manufacturing plant, and more importantly, the longest 
plank that can be transported economically. Generally, stocked pultruded 
composite sections are 6m in length 
• a mould release agent is necessary during the production of the composite 
plank, as it is important that the resin does not stick in the heated die or in the 
oven. This mould release agent must be removed before adhesive bonding can 
take place as the adhesive can not adhere properly.  
Nevertheless, the pultrusion process offers many advantages such as; a high production 
rate of up to 5m/min, the ability to recycle any waste, the capability of enforcing high 
volume fraction ratios which enhance quality and the process itself is generally straight 
forward. Hence, the process lends itself for manufacturing composite planks for bridges, 
ship decks and certain aeroplane sections. However, due to their anisotropic and fibrous 
nature, joining pultruded components end to end remains a challenge. The use of adhesive 
bonding between composite adherends offers a viable option.  
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2.2 Materials. 
2.2.1 Matrix resin 
The polymeric matrix (resin) bonds fibre reinforcement [10].The constitutive relationship 
of the resin matrix has been shown to play an important role in the delamination resistance 
of composite materials by Qriunno et al. [11]. It also offers environmental protection for 
the fibres. Moreover, when the matrix has reached its cured state, it will also act as a 
deterrent to crack propagation by providing other routes for the crack to propagate, without 
the entire material failing. There are a variety of different resins available for different 
applications, as shown in Table 2.1. 
 
Table 2.1: Resin comparison [28] 
As shown in Table 2.1, epoxy resin has superior mechanical strength. It is, however, 
difficult to process and is the most expensive of the resins. Due to its low cost, polyester 
resin is the most frequently used resin. Vinyl ester resin is better than polyester resin as it 
allows faster processing speed. Composite materials manufactured from vinyl ester resin 
can be processed five times faster than composite materials manufactured from epoxy 
resin. Hence, vinyl ester resin is the obvious choice. The resin system used in this research 
is vinyl ester (Atlac) resin, which is quite similar to polyesters in that it is cured by radical 
initiated polymerisation. It is generally tougher than polyesters. It exhibits a range of 
exceptional properties including excellent chemical resistance, thermal stability, low 
viscosity, ease of handling and good mechanical strength. A drawback of the vinyl ester 
resin system is the relatively low fracture toughness that it exhibits. However the vinyl 
ester resin is derived from the reaction of an epoxy and acrylic or methacrylic acid. This 
would provide for the production of a range of properties that can be attained by using 
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different epoxy resins. Another disadvantage in the use of vinyl ester resin is the 
comparatively high cure shrinkage, which can reach up to 8%. Therefore during 
manufacturing of the composite, care was taken during cooling by allowing the composite 
to cure uniformly in the oven, thus reducing the potential of thermal shocks occurring 
which would damage the structural integrity [10].  
Shrinkage of the matrix system upon curing can cause the creation of built in residual 
stresses, which may cause the early initiation of cracks in the matrix structure upon loading 
[12]. This factor was taken into account in this research by simply allowing the cured 
material to gradually decrease in temperature rather than subjecting the material to a 
sudden temperature change thus risking unacceptable shrinkage of the cured material, 
compromising mechanical properties. 
2.2.2 Reinforcement forms 
The main types of fibres used in pultrusions are glass and carbon fibres. The most common 
type is glass fibre and the most widely used grade of glass fibre is E-glass.  
Glass fibres have extra features, which are mentioned below: 
• high tensile strength 
• low density 
• low cost 
• high production rates 
• non-flammable 
• resistant to heat 
• good chemical resistance 
• relatively insensitive to moisture, able to maintain strength properties over a 
wide range of conditions  
• good electrical insulation [13].  
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Glass fibres are based on silica with additional oxides of calcium, boron, sodium, iron and 
aluminium. There are many different classifications of glass fibre, although for this 
research, the type of fibre used was E-Glass. 
2.2.2.1 Roving and mats 
As the fibres are very stiff in the longitudinal direction, they have a tendency to fail before 
the resin. This is especially when the resin has a high strains to failure limit. To help 
improve the transverse strength of the fibres, they are bundled together in rovings. Roving 
is properly defined as a number of yarns, strands, or tows which are collected into a 
parallel bundle with little or no twists [10]. The different roving configurations are 
available [14], which are illustrated in Figure 2.4.  
 
Figure 2.4: Type of rovings:   a). uni-directional, b). spun, c). mock [14] 
• Uni-directional mat 
A uni-directional roving is usually combined together by a binder or by needling to make a 
uni-directional (mat).In uni-directional laminate all the fibres are aligned parallel to one 
other and only offer high strength in the longitudinal direction ( see Figure 2.5a). It is 
simply the resin that provides mechanical strength in the transverse direction. This fibre 
orientation is not suitable for uni-axially loaded structures due to poor transverse and peel 
strength between the laminates. To improve the strength of the composite in the transverse 
direction, some other fabric/mat can be used as a combination. This gives the composite 
reduced, but equal strength in the longitudinal and transverse directions. 
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• Woven  mats 
A woven fabric (see Figure 2.5b) is most common and available in different standard 
configurations. It contains rovings in which the angle between the warp and weft yarns is 
90˚. A balanced weave is one in which the number and count of warp and weft yarns are 
equal. The warp is the longitudinal direction, and the weft is the transverse direction. One 
disadvantage of this type of roving is that it is very difficult to impregnate resin at the 
cross-overs, as is often the case; the rovings touch each other as shown in Figure 2.5b.   
• Inlaid  mat 
Inlaid fabric contains warp fabric, which are balanced with weft fabric and held together 
by chain stitching with a fine thread (usually polyester as shown in Figure 2.5c). These are 
equivalent to a plain weave except that the tows are not crimped. Inlaid fabric is less 
common than woven fabric with few standard styles, but the abrasion in inlaid fabric is 
lower than in weaving [10]. 
• Chopped strand mat (CSM) and CFM 
A reinforcement mat comprised of randomly dispersed chopped fibres (usually 25-50mm 
in length) held together with a resinous binder (see Figure 2.5d). CSM is produced in a 
variety of widths, lengths and weights [15]. CFM is similar to CSM except the fibre is 
continuous and swirled in a random manner [15] (see Figure 2.5e).  
• Combinational mats 
Combinational fabrics (mat) usually consist of a layer of chopped fibre mat added to any 
fabric e.g. longitudinal, woven, inlaid fabric by powder bonding, stitching or needling.   
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Figure 2.5: Types of mats: a). Uni-directional mat [7], b). woven mat [7], c). inlaid mat 
[10], d). chopped strand mat (CSM), e). continous fibre mat (CFM) [7] 
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2.2.3 Mould release agent 
A pultruded section will be cured about 90% at the exit of the die, which has a hard 
chrome plating to stop wear. A mould release agent has to be mixed with the resin, so that 
the cured section does not stick to the die. When the section is heated to initiate curing, the 
release agent migrates to the resin at the surface of the profile and if it is not removed prior 
to bonding, the efficiency of any adhesive joints can be significantly reduced [16]. The 
outer surface layer of resin can be removed by abrading. This operation may be achievable 
in a shipyard but naturally increases manufacturing costs. The abrasion of the pultruded 
surfaces prior to bonding has shown a modest increase in bond strength in some cases [17]. 
Concern was expressed however, that this could cause surface fabric damage which 
compromises bond strength. Abrasion of the surface to remove the release agent rich 
surface also produces a roughened surface finish, which in itself can improve the bond 
strength of the material. 
A more innovative solution to the problem may be to produce mould release agent free 
pultrusions. It is known that if a section with a small die contact area is to be pultruded 
then a mould release agent does not have to be used. The aerospace industry specifies that 
small pultruded components must be made without a mould release to facilitate satisfactory 
adhesive joint efficiency. For a larger profile a modified process or use of different 
materials may make release agent free pultrusion possible: 
• it may be possible to produce Teflon coated pultrusion dies [18]. Lack of die wear 
resistance may render this impractical as pultrusion dies are currently made with a hard 
chrome plated surface that has to be replaced after every few tens of kilometres of 
production 
• microwave assisted pultrusion allows for a shorter die since cure is initiated prior to the 
section entering it [18]. It seems reasonable to assume that the pull force required will 
be reduced, which may also reduce the need for a mould release agent. 
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2.2.4 Surfacing veil and peel ply 
Surface veil is based on fine fabric to form an overlay on profiles, for smooth surface 
finish and for environmental protection includes UV radiation attack. Peel ply is a very 
fine surface fabric which may be incorporated in the moulding process. The layer enables 
efficient adhesive bond of composites, by peeling from the surface prior to applying 
adhesive. The peel ply keeps all the glass edges down and smooth. When it is removed, 
there are no sharp points or rough edges left [19]. 
Cowling et al. [20] have reported a 20% increase in bond strength of polyester/E-glass 
composite joints that are made with a peel ply surface. The improvement was credited to a 
flat yet roughened surface finish. The surface finish was achieved without the broken fibres 
that can often result from alternative roughing techniques such as shot blasting or rotary 
grinding. Peel ply has the added advantage of ensuring a clean bond surface as it can be 
removed immediately prior to a joint being made. Interlaminar, rather than adhesive, 
strength has been shown to limit the joint strength of pultruded polyester adherends in 
double lap shear tests. It is therefore unclear if using peel ply, to alter the surface topology, 
would increase the achievable bond strength in this case. 
2.2.5 Fillers 
Chalk (Calcium based) or clay (Aluminium based) fillers are nearly always added to the 
matrix resin system for pultrusion processes. Fillers not only reduce costs but also aid die 
compaction, improve the aesthetics of the surface finish and conduct heat away from the 
composite once the exothermic cure reaction has been initiated. The addition of filler can 
change the efficiency of resin impregnation (by altering the resin viscosity) and can change 
the general processabilty of the resin [21].  
The addition of filler has been shown to improve composite material properties. The tensile 
stiffness and strength of epoxy resin can increase with the addition of filler as can the short 
beam shear and 3 point fatigue properties of a composite made with filled resin [22]. 
Further work from Paciornik et al. [23] has concluded that the addition of filler in 
composite matrices improves the 3 point bend and short beam shear performance of 
undamaged material. However it was found that the resistance to damage propagation was 
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reduced with an increased filler concentration. 
Boyd et al. [24] pointed that the filler is employed to reduce the cost of pultruded items by 
increasing the volume of the resin and reducing the expensive glass reinforcement. They 
pointed out that filler tends to have a detrimental effect on the mechanical properties of the 
joint. Binshan et al. [25] investigated a series of pultruded profiles made with vinyl 
ester/polyester as a resin and glass roving/CFM/woven roving as reinforcement. They 
concluded that the addition of filler reduced the level of void content in the pultruded 
composite.  
2.3 Applications of pultrusion and adhesive bonding 
Pultrusion gives full freedom to engineers to bring their concepts into practise. The use of 
pultrusion, to be able to make a wide variety of component parts effectively, has seen a 
steady increase in many industries such as the aerospace, civil, transportation, renewable 
energy and sports. 
Airbus A380 adopts pultruded components in parts of the fuselage sections [26]. Figure 2.6 
represents how the use of advanced pultrusion (ADP) is employed in the floor beams of the 
A380. However joining these pultruded sections end-to-end still remains a challenge in 
order to achieve satisfactory joint strength.   
 
Figure 2.6: A380 Fuselage 
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This is due to the anisotropic and fibrous nature of the pultruded material, and hence the 
use of adhesives in such an industry has become increasingly important. In the 
infrastructures/civil/marine industry, the composite and adhesive bonding includes decks 
for both pedestrian and vehicle bridges across waterways, railways and roadways, marine 
plies and fenders, pier decking, railings, pipes and pontoons. Composite reinforcing bars 
may be used to replace steel in conventional reinforced concrete in order to prevent the 
internal corrosion of steel reinforcement [1].  
The use of adhesive as a structural fastener is successful in marine industry. An exemplar 
application of where adhesively bonded joints can be used is in the repair of fissures/cracks 
on marine structures such as FSO (Floating Storage and Offloading) vessels and FPSO 
(Floating Production Storage and Offloading) vessels [27]. FPSO’s receive crude oil 
through flexible pipelines which connect to the seabed (see Figure 2.7). 
 
Figure 2.7: FPSO vessel and pipelines [27] 
 If a crack is discovered on an FPSO production may have to be partially or completely 
halted to allow the safe repair of the crack through the traditional method of welding. In 
the oil and gas industry it is obvious to see that this delay, even for a very short period of 
time, could cause a substantial financial loss to the company. By using an adhesively 
bonded patch, the repair is much easier and quicker to carry out. Also, a weld repair would 
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expose the materials being joined to very high temperatures; this could be very dangerous 
if the area being repaired was, for example, the hull of an oil tanker. Adhesive bonding 
therefore allows a safer method of repair in such applications. Also, if a composite material 
is used for the patch instead of steel then there are the added benefits of excellent corrosion 
resistance, higher strength, lower weight and greater flexibility within manufacture with 
regard to creating complex shapes and varying thicknesses. Shenoi et al. [28] discussed a 
practical design of joint, which is suitable for the repair of working structure.  They 
suggest a single butt strap adhesive joint performed well in repair as compared to other lap 
shear joints with similar metallic adherends such as aluminum, steel, titanium or 
composite.  
Structural pultruded sections have been used successfully in certain engineering 
applications. A number of composite bridge structures have been built in the U.S [29]. The 
vehicle bridges in the U.S utilise pultruded girders that span the length of the bridge and a 
modular Deck system; consisting of interlocking pultruded profiles bonded together with 
additional face sheets to form a sandwich construction. The weight reductions achieved 
with the use of composites allows for an increased ‘live’ weight and reduced construction 
costs. Reduced cost and corrosion resistance has led to increasing numbers of bridges 
utilising composite components in the U.S.  
Figure 2.8 shows a typical example of a pultruded composite bridge. The bridge is 24.5m 
long and 5m wide and weighs only 12tonnes. This makes the bridge about 30 times lighter 
than a comparable concrete bridge. The Aberfeldy footbridge [30] was built over ten years 
ago in Scotland (see Figure 2.9). 
 
 
 
 
 
                                                                                                                                                                              
                                                                                                               Chapter 2:  Literature Review 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       24 
 
 
Figure 2.8: Pultruded composite bridge [30] 
 
 
 
 
Figure 2.9: Aberfeldy foot bridge in Scotland [31] 
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In trains and trams large side panels combining constant quality and strength can be 
pultruded as shown in [30] Figure 2.10.      
                
Figure 2.10: Train and tram pultruded body parts [30] 
Carbon fibre laminates (plates) are successfully used to repair and strengthen masonry 
beams, columns, buildings and other structures. It can usually be embedded or bonded in 
place by hand without the need for heavy lifting equipment. Such repairs can be carried out 
much more rapidly than any traditional technique (see Figure 2.11). 
 
Figure 2.11: Strengthen and repair of concrete structures [32] 
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2.4 Adhesive bonding 
Adhesive bonding is desirable in many circumstances because it eliminates the stress 
concentration factors associated with mechanical means of joining. Introducing holes into a 
structure, in order to accept mechanical fasteners significantly, reduces the strength of the 
composite and therefore composite materials are prime candidates for adhesive bonding. In 
this section the adhesion and properties of adhesives such as wetting and surface 
preparation are all discussed.  
2.4.1 Adhesion 
The adhesion in which the adhesive interlock the parts by an interlocking action around the 
surface roughness of the parts [33] as shown in Figure 2.12. 
.  
Figure 2.12: Mechanical Inter-locking [34] 
The mechanism of adhesion is not fully understood and several theories have been 
proposed. The main mechanisms have been proposed by Kinloch [34] through absorption 
theory. This states that the parts are initially joined together by intermolecular contact. This 
intermolecular contact is achieved through molecular forces on the surface of adhesive and 
adherend.  Kinloch [35] also found that mechanical interlocking and surface irregularities 
are the main source of adhesion.  Bickerman [36] suggests that the mechanical inter-
locking between the bonded surfaces was sufficient to have strong interface. Voyutskii 
[37] proposed that the adhesive particles dispersion established the adhesion cross the 
interface. Deryaguins [38] suggests that the electrical charge layer at the interface formed 
adhesion. Staverman [39] pointed out that the adherend surface forces, due to chemical 
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composition at the interface, followed adhesion.   
Perhaps the most important factor that can determine the adhesive’s strength is the ability 
of the material to be wetted. Wetting can simply be described as the contact between a 
fluid and a surface when they are brought into contact. If a surface is said to have high 
surface energy, then a drop of liquid will be seen to spread over the surface, or wet the 
surface, effectively. On the other hand, if the surface energy is low then the droplet will 
remain as a droplet on the surface. Therefore in order to achieve effective wetting, there 
needs to be strong attractions between the adhesive molecules and the substrate surface 
[40].  
Several authors [41,42] have noticed the wetting behaviour and proposed different 
hypotheses, which differentiate the wetting features between smooth and rough surfaces. 
The degree of wetting can be measured by contact angle in which the adhesive drop is 
plunged on the adherend surface with the assumption that the adhesive drop should not 
interact with the surface. The size of adhesive drop is in tens of micro litres, measured by a 
goniometer. Such measurements are based on direction i.e. receding and advancing contact 
angles. The contact angle hysteresis is obtained under receding and advancing contact 
angle conditions. Surface roughness and molecular changes in the adherend surface with 
the interaction of the adhesive are the possible reasons of contact angle hysteresis [41].  
2.4.2 Surface preparation 
Surface preparation plays an important role in a joint’s strength and durability. For the 
development of a strong bond joint intermolecular contact at the interface is very 
important. Moreover, thorough surface preparation is also imperative if an acceptable joint 
strength is to be achieved. Any sort of contaminant can ingress into the adhesive and can 
have an adverse effect on the overall strength of the joint. However, no amount of 
preparation will ever completely free a surface of contamination, even if the material 
surface has been newly machined there may still be a surface film present due to metal 
oxides, carbon dioxide or water vapour [40].  For instance, in this study the tensile and 
shear specimens were manufactured from aluminium which forms a spontaneous oxide 
film on its surface, and although not visible to the naked eye, it may cause interfacial 
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bonding problems between the surface of the aluminium and the adhesive.  
As stated previously the surface needs to be such that high wettability can occur by 
initiating high surface energies on the surface. This can not occur on smooth surfaces and 
so the surface of joints often needs to be prepared in order to maximize surface energy and 
ensure thorough wetting. Some of the methods often used are: mechanical abrasion, 
sandblasting, acidic etching and solvent degreasing, but some methods are restricted to 
composite material.  All methods change the chemical composition of the surface as 
reported by Pocius [43].  Boone et al. [44] reported that whichever method is chosen all 
result in changes in surface tension, surface roughness and surface chemistry, which in turn 
affect the bond strength.  It has been proven that roughening the surfaces prior to adhesion 
actually enhances the joint strength and the effect of this is that any loose contaminant 
particles are removed from the surface.  This enhances mechanical interlocking with the 
adhesive [44]. Bakers [45] proposed improved joint strength when the argon ion etching 
technique is used for surface cleanliness after grit blast. 
Wingfield [46] and Brockmann [47] pointed out that the joint bond strength is directly 
related to proper surface preparation of the parts to be joined. Surface preparation is 
important for more than one reason, all of which are mentioned below: 
• surface roughness improvement 
• to change the surface chemistry, this is more or less compatible with the 
adhesive 
• to remove the weak oxide layer from the joint surface. 
Sandblasting is unsuitable to prepare a composite surface prior to bonding. This is due to 
the fact that the extremely harsh abrasion caused by sandblasting would have actually 
damaged the fibres and therefore the reinforcing nature of the composite material. In the 
end, this would have reduced the mechanical properties of the composite. 
Parkers [48] suggests that in composite adherends, the initial bond strength is directly 
related to the surface preparation to remove all surface contaminations. Guha et al. [49] 
conclude that acrylic and urethane adhesives give better strength with only a wipe of the 
surface. Also epoxy adhesives give good strength with abrasion or flaming the joining 
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surface. 
Wingfield [46] suggests various surface preparation methods for composites, which are as 
follows:  
• dry clean rag wipe: good to remove surface dust only 
• solvent wipe: solvent wipe is better than dry cleaning, but still oil /grease exists 
on the surface after the solvent wipe 
• abrasion with emery paper: ideal for GFRP composites 
• grit blasting: good for epoxy resin composites 
• flame, laser, plasma : good for low surface energy thermoplastic 
• peel ply : peel ply is the woven fabric applied on bonding during manufacturing 
and is removed just before bonding to ensure a clear surface. But there is some 
conflict in the literature about a contamination free surface with peel ply as the 
peel ply leaves chemicals on the bonding surface. 
The pultrusion process requires internal mould releases and it is essential that the surfaces 
are properly prepared prior to coating. The mould release agents create a film on the 
surface of the profile. It can be removed by using several different techniques [50]: 
• solvent wiping is the simplest method of surface preparation. Several solvents 
will attack the mould release films. Some of these include xylene, acetone, or 
styrene 
• abrasion with emery paper is ideal  
• sanding will also adequately prepare the surface. However, if the surface is 
broken, minor imperfections can be exposed and these become quite visible 
when paint is applied. A sand and fill primer is applied to help this situation 
• sand-blasting can be used as a surface preparation technique, but exhibits the 
same problems as sanding.  
In the literature more work about surface preparation of aluminium is available than any 
other metal. In the case of an oxide layer being present on an aluminium surface, chemical 
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treatment is not recommended due to cost and surface complexity [51].  
2.5 Joint Analysis 
2.5.1 Analytical determination of stress distribution 
The stress distribution in an adhesive joint is of primary importance for the 
engineer/designer to minimise stress concentration and assess safety factors. One of the 
most common adhesively bonded joint designs used in industry, as a quality control test, is 
the lap shear joint. Initial work on classical theories about the stresses occurring within a 
lap shear joint was carried out by Volkerson [52] and Golland & Reissner [54]. Their 
analysis was based on closed form solution of the stresses in single lap adhesive bonded 
joints. Volkerson’s [52] equation took into account the shear induced deformation and 
combined them with the tensile expansion of the adherends. This results in a more accurate 
shear stress plot, which demonstrated stress peaks at the free edges of the adhesive with the 
low stresses between the edges as seen in Figure 2.13.  
 
Figure 2.13: Volkerson’s shear stress distribution and deformation in a 
single lap joint [53] 
Goland and Reissner [54] extended Volkerson’s work by considering the bending moment 
effect, associated with the bending of the adherend. Figure 2.14 shows that in addition to 
the peak shear stresses predicted by Volkerson, transverse stresses also peak at both edges 
of the bond-line. These end zone peak peels and shear stresses govern the strength of the 
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joint [55].  
 
Figure 2.14:  Golland and Reissner peel stress distribution and deformation in a 
single lap joint [53] 
Hart-Smith [55] considered the analysis of single lap joints under the Primary Adhesively 
Bonded Structure Technology (PABST). He took the non-linear behaviour of the adhesives 
and adherends, including composites, into consideration. He pointed out that the plasticity 
in the adhesive lead to further improvement into joint strength. His analysis simultaneously 
determines the edge bending moment and the adhesive stresses while taking into account 
the effect of large deflection of free adherends, but ignored the effect of large deflection in 
the overlap. Other factors like failure modes and thermal effects were also considered.  
Adam and Mallick [56], Allman [57] and Chen and Cheng [58] considered shear and 
transverse stress variation through the thickness of the adherend and adhesive, which were 
ignored by Golland and Reissner. Tsai et al. [59] worked on laminated composite as an 
adherend by considering the shear stresses varying through the thickness and proved that 
this method is more compatible with the experimental results than the classical method 
offered by Volkerson [52], Goland and Reissner, [54]. Renton and Vinson [60] included 
the variation of stresses in the adherend, but not in the adhesive layer.  Adams and 
Mallicks [56] investigation is based on adhesive elasto-plastic behaviour in single and 
double lap joints under tensile loading, while subjected to thermal stress. They conclude 
that through thickness peel stresses are always dominant and the main cause of composite 
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failure near the interface. Bigwood and Crocombe [61] studied linear analysis and 
suggested an engineering formula for the design of bonded joints. Wang and Rose [62] 
worked on triaxial stresses in bonded joints through analytical solutions. Robert [63] 
presented a two stage analytical solution to measure the shear and transverse stress 
distribution in various types of adhesive bonded joints. 
Analytical methods have their own limitations in pultruded laminated composites due to 
their complex nature, convoluted boundary conditions and the combined effect of various 
failure modes.  Therefore finite element analysis (FEA) with a suitable failure criterion can 
be used for predicting the failure behaviour of pultruded composite structures.  
2.5.2 Numerical determination of stress distribution 
The use of finite element modelling is an extremely useful numerical analysis technique, 
especially when combined with an experimental programme. Significant studies encourage 
the use of FEA to observe the behaviour of an adhesive joint. The meshing of the FEA 
model is always debatable, because it is considered an important factor in two ways, i). for 
more accurate results, ii). to estimate the simulation time required to run the analysis. 
There are various techniques which can be used to reduce the simulation time. These 
include mesh refinement, submodelling, and symmetry boundary conditions. For lap shear 
joints, the high stress region exists near the end of the free edge and submodelling is 
normally introduced in such a region [64]. Submodelling is also known as a cut boundary 
displacement method. Wahab and Ashcroft [65] used submodelling in the centre of an 
adhesive bondline, which contained all the information about semi-circular crack. 
Symmetrical modelling in FEA only needs a portion of the full model. Other authors [66] 
used symmetrical model in the analysis of adhesive bonded joint. As a result of symmetry, 
the simulation domain reduced, at least, by a factor of two. The reduction in the simulation 
domain could introduce a finer mesh, resulting in more accurate results. 
Tong et al. [67] pointed out that the stress concentration at the edge is mesh dependent in 
the absence of adhesive fillet. This mesh dependency also exists in non-linear analysis as 
pointed out by Sheppard et al. [68]. Hattori [69] and Groth [70] noticed that stress 
concentration is the main cause of failure in bonded joints. Katona and Batterman [71] 
analysed the adhesive bonded joints through adherend surface roughness. Pradhan [72] 
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analysed the adhesive bonded joint through finite element analysis. He used a strain energy 
method to understand the de-bonding in the cracked lap shear joint. Eight interface cracks 
were suggested at different locations to study their growth along the interface. In addition, 
different values of elastic modulus, thicknesses of adherend and adhesive, and overlap 
length were studied. 
Liu et al. [73] analysed the single-lap adhesive joints with dissimilar adherends under 
external bending moments. They pointed out that good correlation was found between 
analytical and FEA at interface stress distribution. Few important points are concluded in 
FEA analysis about the strength of the joint and these are as follows: 
• the effect of stress singularity is greater at the interface of low Young’s 
modulus adherend 
• the adherend length put nominal effect on the stress singularity at the interface 
• the joint strength increases with the increase of Young’s modulus and thickness 
of adhesive 
• the adherend length put nominal effect on joint strength. 
Liu et al. [74] studied the stress distribution in single lap riveted adhesive joint by FEA 
under the external bending moment. Good agreement is found between FEA and 
experimental results.  Three joints, i). single lap riveted adhesive joints , ii). single lap 
riveted joints, iii). single lap adhesive joints are used in this study . The following 
conclusions are made: 
• all the joints have comparable strength with thinner adherends 
• single lap riveted adhesive joints have the highest joint strength 
• single lap riveted joints have low strength with thick adherends. 
Mitra et al. [75] presented numerically (FEA) the interfacial stresses and deformation of an 
adhesive bonded lap joint under tension. It was found that the transverse stresses are more 
dominant and are the cause of failure. They also suggest a few critical locations for failure 
initiation in the joint. Wooley et al. [76] presented FEA of single lap joints to examine the 
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adhesive modulus, overlap length and adhesive bond line thickness effect on the joint 
strength and found good correlation between FEA and analytical results. Delale et al. [77] 
proposed a closed form plane strain analysis of adhesively bonded joints. These joints 
consist of two different orthotropic adherends with constant thicknesses. They also 
assumed a very thin adhesive without considering the through thickness variation of 
stresses in the adhesive. They concluded a good correlation between FEA and analytical 
results. Crocombe and Adams [78,79] performed elasto-plastic investigation of the peel 
test. They found that the principal tensile stress in the peel test drives the crack towards the 
thin flexible adherend [80] 
Sawa et al. [81] analysed a single lap joint with a dissimilar adherend under tensile load. 
They found the stress singularity occurs near the edge of interface but it increased with 
different factors like: i). low modulus adherend, ii). small thickness adherend, iii). small 
ratio of upper and lower adherend length, iv). very thin adhesive bondline , v). thick 
adhesive bond line. Good correlation is found between FEA and analytical results. 
Representative volume element (RVE) is another alternative approach to virtual testing by 
a means of computational micromechanics [82,83]. This approach is well suited to measure 
the mechanical behaviour of composites. This explicitly takes into account the fibres, 
matrix and their interfaces.  
Totry et al. [84] adopted the representative volume element (RVE) approach to compute 
the failure locus of a composite. The composite used in this study was based on 50% Vol 
of carbon fibre embedded in an epoxy matrix, which is subjected to transverse compression 
and out-of-plane shear loading. Through this constitutive model, they focused on the 
interfacial strength of composite and prediction of failure locus. They proposed this 
constitutive model presented several advantages over the standard experimental approach, 
which includes full control of the composite properties without any uncertainty and scatter. 
They conclude that the dominant failure was interface decohesion rather the matrix plastic 
deformation. The influence of the weak interfaces on strength was much more severe in 
shear than in compression. Haj-Ali et al. [85] proposed a 3D micromechanical constitutive 
models for pultruded fibre reinforced composites. They considered the two alternating 
layers of roving, continuous filament mat and their fibre/matrix constituents within the 
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cross section of the pultruded composite. 
Fish et al. [86] presented multi-scale damage modelling for composite materials. On the 
basis of micromechanical scale, they introduced the representative volume element (RVE) 
to model the damage initiation and growth of microscopic damage and their effect of 
strength. The RVE is small enough to distinguish the microscopic heterogeneities, but 
sufficiently large to represent the overall behaviour of the homogeneous medium. 
Gonza´lez et al. [87] presented multi-scale modelling of fracture in fibre reinforced 
composites by three point bending of a notched beam, The multi-scale modelling was 
based on an embedded cell approach. The notched beam was based on two regions: one 
around the notch tip which contained all the details of composite micro structures 
separately, like matrix (resin), reinforcement and interfaces. While the other region was 
surrounding the first region, presenting the composite as an isotropic homogeneous 
material. This micro-level region around the notch tip controlled the damage by 
considering the matrix plastic deformation, brittle fibre fracture, voids at fibre/matrix 
interface and fibre/matrix frictional sliding. These parameters were taken into account in 
the simulations to assess their influence on the stress–strain curve, failure strength, 
ductility and the corresponding failure modes. They proposed that this model is ideal for 
performing parametrical studies of the influence of the constitutive properties on the 
overall composite properties, which is also impossible to carry out experimentally.  
2.6 Failure in bonded composite joints. 
It is particularly difficult to identify bonded composite joint failure modes, but the 
American Standard [168] details a method for their identification and classification. Seven 
classes of failure are mentioned below: 
• adhesive failure: failure occurs to be at the adhesive adherend interface 
• cohesive failure: failure occurs with in the adhesive 
• thin layer cohesive failure: failure occurs very close to the adhesive adherend   
interface 
• fibre tear failure: failure occurs within the fibre reinforced plastic (FRP) matrix 
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• light fibre tear failure: failure occurs with in the adherend near the surface, 
visible on the adhesive with few or no glass fibres 
• stock break failure: failure occurs when the separation is within the adherend 
but outside the bonded region 
• mixed mode failure: failure is the mixture of all failures. 
Failure in composite adherends is complex and will be dependent on a variety of factors. 
With the use of metallic adherends, the situation will be very different due to the isotropic 
properties of the material. However, due to the anisotropic nature of the material properties 
of composite materials, the in-plane and through thickness strengths of the material will be 
different. Delamination failure is generally accepted as the most common mode when 
failure occurs in the adherend. Experimental tests and theoretical analyses have been 
carried out for a wide range of composite laminated structures, including glass reinforced 
polyester, glass reinforced epoxy, carbon reinforced epoxy, etc. These are well 
documented [23]. The remaining dominant characteristic of adhesive-bonded joints is the 
peel stress developed in association with the shear stresses. Like the shear stresses, these 
peak at the ends of the joint. While this phenomenon has long been known for single-lap 
joints, it is only recently that it’s impact on inducing laminate failures, in thick double-lap 
joints, was recognised. The low interlaminar tension strength of composite laminates limits 
the thickness of the adherends which can be bonded together efficiently by lap joints. The 
interlaminate splits apart locally due to peel stresses, thereby destroying the shear transfer 
capacity between the inner and outer plies. This overloads the outer filaments, which break 
in tension, and the failure progresses as portrayed [88] in Figure 2.15.  
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Figure 2.15: Stages of delamination failure [88] 
Understanding of failure mechanisms and behaviour in composite bonded joints is 
important for accurate and reliable failure prediction. Failure prediction requires complete 
understanding of failure initiation, growth and modes. Analytical methods have their own 
limitations in pultruded laminated composites due to their complex nature, convoluted 
boundary conditions and the combined effect of various failure modes.  Therefore finite 
element analysis (FEA) with a suitable failure criterion can be used for predicting the 
failure initiation of pultruded composite structures. Different failure criteria have been 
reported for joints are active in literature, e.g. Maximum Stress or Strain criteria, Tsai-Hill, 
Tsai-Wu and the Hashin failure criteria etc (see Appendix D).  
Composite bonded strength depends on many parameters and their influence on the failure 
prediction and strength was experimentally studied by many researchers [89-94]. 
Parameters like surface treatments, adhesive fillets, bondline thickness and their variation, 
surface ply angles, stacking sequences and environmental conditions were considered in 
these studies. Failure prediction in composite bonded joints was considered by many 
researchers in previous studies and the majority were based on the failure mode observed 
during experimental testing [92-97]. This testing points out that the failure prediction 
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method has two types: (i). stress/strain approach, (ii). fracture mechanics approach. The 
stress/strain approach uses failure criterion equations, which consider critical stresses and 
strains in a bonded joint. This approach for failure prediction is quite acceptable as 
compared to the fracture mechanics approach in bonded joints as this approach is based on 
initial crack assumption and it’s growth depends on a strain energy release rate computed 
by experiments. Furthermore the fracture mechanics approach is not appropriate for 
bonded joints as adhesive bonded joints always fail without initial cracking [98].  
Many researchers worked on failure prediction and strength improvement of the composite 
bonded joint in the past but ignored the plastic behaviour of the adhesive material. 
Adhesive plastic behaviour is quite important because this influences, the stress and strain 
distribution with in the adhesive layer as well as in the composite adherend adjacent to the 
stress concentration region [99].Tong L [100] reported that failure often takes place at the 
fibre/matrix interface, adjacent to the adhesive during the strength measurement of 
adhesive bonded double lap joints.  There is a lack of understanding in failure prediction 
and strength of adhesively bonded pultruded joints in relation to fabric architecture, at 
meso level. Keller et al. [101] reported that joint failure was initiated by the combination of 
through thickness peel and shear stresses in the adhesive fillet and in the outer 
combinational mat layers of the adherend below the joint edges. In this research the 
pultruded GFRP profiles are based on uni-directional rovings to the centre and 
combinational mats towards the outer surface. The combinational mats are based on CSM 
(chopped strand mat) and woven roving. They concluded that ultimate failure always 
occurred by delamination in the mat region. They used a new shear-tensile interaction 
(STI) testing device for combined shear-tensile loadings and introduced the shear-tensile 
interaction failure criterion for measuring the interlaminar stresses. 
Adams et al. [102] pointed out that the cracks propagated easily through the thickness 
direction between the mat layers, where there is little reinforcement. Final failure occurs 
when the surface layer delaminates from the adherend in the overlap region through a 
combined peel and shear stress including the transverse shear in the composite.  
Carlos et al. [103] presented all relevant failure criteria for FRP laminates in their studies. 
Adams and his co-authors [104-106] performed failure analysis of adhesively bonded 
                                                                                                                                                                              
                                                                                                               Chapter 2:  Literature Review 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       39 
 
joints. Their analysis took into consideration both geometric and material non-linearity in a 
plane strain condition. They used a maximum principal stress or maximum principal strain 
failure criterion for the prediction of failure in bonded joints. Other authors [107-110] also 
used Adam and his co-author’s FEA strategy for the prediction of failure in the adhesive. 
Dvorak et al. [111] assumed that the crack initiates at a localised region due to fibre 
debonding and matrix cracking. Then this might propagate along the fibre or perpendicular 
to the fibre axis. They found that the strength is significantly improved by reducing the ply 
thickness. They also found that the strength of thick plies is initially constant, but it starts 
decreasing with pre-existing void/damage. 
Sheppard et al. [68] used a localised plastic damage zone approach rather than focusing on 
a singular point at the ends of the joints to predict failure in a DLS composite specimen 
and reported a reasonable prediction within a 20% error margin. This would be more 
reliable than the simplistic approach of considering the maximum stresses at a prescribed 
distance away from the point of singularity. They observe from the literature [112, 113] 
that the adhesive bonded joints do not inherently have a macroscopic crack and failure 
could initiate from the material damaged zone. On the basis of these observations, they 
suggest that fracture mechanics and material based models, which use stress/strain at a 
singular point, are not valid for the prediction of joint strength. This damage zone 
approach, introduced by Sheppard et.al is an extension of the singular point approach for 
composite failure given by Whitney et al. [114]. Other authors [115,116] used the same 
approach for failure prediction in an out of plane composite adherend. 
Clark et al. [117] used the same approach on adhesive failure and suggested the possibility 
of joint failure when the principal stress over the damage zone exceed the ultimate tensile 
strength of the adhesive. Similarly John et al. [118] suggest that failure occurs in a bonded 
joint, when the stresses in adhesive, at specific critical locations, exceeds the shear yield 
stress. 
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2.7 Previous research on pultrusion bonding 
Boyd et al. [23] pointed that pultruded items have higher probability of interlaminar failure 
than conventional composite items. They experimentally tested two pultruded planks : 
• Plank 1: where the outer surface layer is CFM (Continuous Filament Mat), 
while the rest of the thickness is made up with the uni-directional fibres. 
• Plank 2: where the outer surface layer is needle mat containing woven roving, 
while the rest of the through thickness arrangements are the same as plank 1.  
They pointed out that plank 1 has higher ultimate strength than the plank 2. Perhaps a 
reason for this is the woven roving providing extra strength with uni-directional fibres near 
the surface of the needle mat panel. They also concluded that although plank 2 has needle 
mat providing extra strength, the Plank 1 with CFM gives a stronger joint. Plank 1 was 
delaminated between the uni-directional fibres, whilst Plank 2’s delamination occurred 
between the woven roving and chopped strand mat surface. Finally they concluded that the 
needle mat does not increase the butt joint strength of composite materials. 
Keller et al. [119] proposed that the joint efficiency could be significantly improved by 
strengthening the mat with fibres in the through thickness direction. They used a pultruded 
rectangular section based on uni-directional rovings to the centre and a combinational mat 
towards the outer surface. The combinational mat was based on CSM (Continuous filament 
mat) and woven roving. The ultimate failure by delamination observed in their research of 
approximately 0.5mm offset from the adherend surface. They proposed that such 
delamination could be significantly improved by reinforcing the mat region with fibre in 
the through thickness direction. They also concluded the adhesive thickness up to 3mm had 
small affect on stress distribution. 
Zhang et al. [120] tested adhesively bonded joints composed of pultruded GFRP laminates. 
The layers configuration in such pultruded laminate was based on combinational mat layer 
consisted on CSM (Continuous filament mat) and woven roving as a surface layer and uni-
directional rovings used towards the centre of laminate. They reported the ultimate failure 
occurred in the outer mat layers of the GFRP pultruded laminate. 
Lee et al. [121] present the experimental investigation of adhesively bonded joints. The 
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joints were made of pultruded GFRP adherends: having the same stiffness as the members 
that would be used in FRP bridge decks. The pultruded adherends were made of vinyl ester 
resin and glass fibres with orientations of 0o, 90o, 45o and -45o.  Failure within the 
adherend near the interface was observed in most specimens. They concluded that the 
peeling effect is the main cause of failure in adhesively bonded joints. They suggest that 
double lap joints would be more suitable in the FRP bridge deck application.   
Lee et al. [122] present the experimental investigation of pultruded GFRP decks under 
static load. Two types of fabric architecture were used: i). DBT (45o/90o/-45o) and ii). LT 
(0o/90o). ABAQUS was used for the verification of experimental results. It was found that 
the behaviour of all specimens show linearly elastic and brittle fracture. They concluded 
from the experimental results, that DBT deck exhibits higher stiffness and strength than LT 
specimen. 
Previous research [23,101] on lap-shear joints for pultrusions with random outer mats has 
shown that failure initiates in the adhesive spew fillet or in the outer mat layers of the 
pultruded laminate at the joint edge. Cracks then easily propagate between the mat layers 
(usually random mat) where there is little through thickness reinforcement and an inherent 
stress concentration. Boyd et al. [23] proposed a finger bonded joint be used, for pultruded 
materials, to eliminate the load in the through thickness direction. This joint concept was 
further studied to measure the joint efficiency by using both FEA (finite element analysis) 
and TSA (thermoplastic stress analysis) [123,124]. The preparation of the finger joint was 
complicated and time consuming in comparison to that of the butt joint. However, a 
pultrusion made entirely from glass UD fabric layers has no surface ply as such, so the 
delamination mechanism detailed above does not take place [4].  
Failure occurs a few filaments deep into the composite and hence the strength of this type 
of material could be superior to the more traditional sandwich lay-up with surface mats. 
Failure occurs when the surface layer delaminates from the adherend in the overlap region 
through a combination of through thickness, tensile (transverse) and shear stresses in the 
composite. Failure may also be initiated at the interlaminar region between the rovings into 
the overlap region of the composite - the former is believed to be the most critical [125]. 
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Herakovich et al. [126] examined the fibre spacing and resin rich areas in pultruded 
composites and concluded that significant strength reduction is due to uneven fibre 
distribution and spacing between them. Pultruded composites show a non-linear response 
during loading, which is due to the nature of different materials’ lay-up but the major 
impact is due to the voids and micro defects. Wang et al. [127] studied the tensile 
behaviour of a pultruded I-section beam structure. Void content is relatively high in 
pultruded composites as compared to the composites made up by other methods. They also 
showed a large number of voids at different locations of an I-beam which affect strength in 
both longitudinal and transverse directions. One of the limitations of the pultrusion process 
is the resin heat transfer problem due to high exothermic curing reactions and low thermal 
conductivity. Therefore the variation of temperature during the process generates voids and 
cracks on the pultruded parts quoted by Paciornik et al. [128]. They pointed out these 
defects and cracks due to improper resin heat transfer during curing, affect the mechanical 
properties as well as help to moisture absorption. But vinyl ester resin as a matrix with 
glass fibre performed well to control the heat transfer problem and variation in temperature 
during pultrusion process.  
Binshan et al. [25] tested a number of pultruded profiles to measures their fibre volume 
fraction and mass density. Such a profile was based on vinyl ester / polyester resin system 
reinforced with different layers of glass roving, CFM and woven roving. They reported the 
void content in the pultruded profile to be about 3-5%. 
Ganga Rao et al. [129] have published work on the factors that should be considered when 
designing pultruded adhesive bonded joints e.g., joint efficiency/stiffness, stress 
concentration, failure mode. Liu’s [130] research relating to the pultrusion process, is 
concerned with the control of the critical process parameter such as die temperature and 
distribution, pull speed, fibre content and resin kinematics. Hartley [8] highlights the 
general rules of thumb in a pultrusion overview. In addition Hartley has also pointed out 
that although vast amounts of research have gone into the pultrusion process it is still 
described as a trial and error type process. A detailed description of the pultrusion process 
can be found in Peters [6]. However, none of the above work has taken adhesion into 
consideration. The pultruded sections are largely joined by fastening methods. Barbero et 
al.  [131] studied the post critical response of pultruded FRP composite under buckling. 
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The study focused on pultruded columns.  
Pyror and Barker [132] performed a finite element analysis of laminated composites. 
Herakovich [133] analysed cross ply, angle ply and quasi-isotropic laminates to explore the 
delamination failure. He found that elastic properties mismatch between composite layers, 
is the main cause of interlaminar stress enhancement, which proceeds to delamination 
failure. He also concluded that the delamination initiation starts with the combination of 
both interlaminar shear stress and interlaminar transverse stresses. Pagano et al. [134] 
presented some fundamental elements in his work, which enhanced the interlaminar 
strength of composite laminates. Pagano et al. [135] suggested that the composite laminate 
delaminates due to both interlaminar shear and interlaminar transverse stresses. Good 
correlation was found with experimental data. Puppo et al. [136] used interlaminar shear 
stresses, while the effect of interlaminar transverse stresses was totally ignored in their 
theory of laminated composites.  
Amar et al. [137] presented a delaminated mode in composite structures and suggests a few 
precautionary measures of how to control the delamination and make the structure more 
damage tolerant. Kairouz et al. [138] performed linear FEA of a single lap joint to see the 
stacking sequence effect on the overall performance of the joint. They found that the 
stacking sequence does not have the influence on joint strength but it does have an effect 
on the failure system [139]. Pradhan et al. [140] presented a parametric study of adhesively 
bonded composite joints, which includes the different stacking sequence, crack locations 
and bond length/thickness. The strain energy method was used to observe the trend of 
interlayer debonding and they concluded that the strain energy method is sensitive to the 
stacking sequence. Ratwani et al. [141] presented the stacking sequence effect on the 
damage propagation and failure modes in composite laminates. They found that the 
damage propagation direction depends on the stacking sequence. Lakshminarayana et al. 
[142] studied the accuracy of finite element modelling of composite material laminates. 
Good correlation was found between FEA, analytical and experimental results. Herakovich 
[143] studied the influence of layer thickness on the strength of angle ply laminates. He 
concluded that the strength and stiffness of the finite width angle ply laminate is improved 
with the alternating layer stacking sequences. He pointed out that the strength of the angle 
ply laminate arrangement can be fold higher than the cluster configuration. Harrison and 
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Bader [144] presented the influence of the stacking sequence of carbon fibre/epoxy resin 
laminate. They showed that the stacking sequence with alternating configuration exhibited 
higher strength than a clustered configuration.  
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Chapter 3 
 
Experimental Programme 
(Material Properties) 
 
 
 
3.1 Introduction 
The reliability of bonded joints depends on the limitations of the material being used and 
the veracity of joint design.   Accurate mechanical properties of all materials used in 
bonded joints must be taken into consideration. These will require the properties of all 
constituent materials to be determined . 
This chapter explains the analytical and experimental procedures on various materials used 
in this research to obtain essential mechanical properties. The three main materials and 
their properties used in this research are GFRP pultruded composite (elastic and 
orthotropic), epoxy adhesive Araldite 2015 (elasto-plastic) and aluminum (isotropic). The 
main constituent materials used in the fabrication of GFRP laminates are based glass fibre 
and vinyl ester resin. Since a composite material is not isotropic, it is impossible to predict 
exact properties as there are too many variables. It is, however, possible to estimate the 
properties using the rule of mixtures, Tsai and Hahn equations and transversely isotropic 
materials assumptions. Another method of determining the mechanical properties of the 
composite material is to conduct mechanical testing. The composite material was tested in 
accordance with British Standards [165]. The adhesive properties are another difficult area 
of investigation. This was based on bulk adhesive casting and testing and a standard steel 
butt joint. This also required data from manufacturers. 
The chapter continues to explain how the composite and adhesive test specimens were 
constructed with the aid of a mould. Later, the details of experimental testing and their 
relevant results will follow. Microscopic observations were made to further complement 
this work.  
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3.2 Composite 
There are different classifications of glass fibre, and it is extremely important to use the 
correct fibre, so that it may be best suited to the particular application. The main 
constituent materials used in the fabrication of GFRP composite are based on E-glass fibre 
roving as a reinforcement and vinyl ester resin as a binder.  
3.2.1 E- glass fibre 
Glass fibres are the most common type of fibres, used in the pultrusion process, due to 
their high tensile strength, low density and low cost [13]. The composite provider, (Exel 
composite Ltd. UK) uses E glass as reinforcement. Two sizes of glass rovings were used in 
this research, namely 4800Tex and 3600Tex – a unit of linear density equal to the mass in 
grams of 1000 meters of filament or yarn. In addition the mechanical properties and other 
characteristics of glass fibre were provided by a manufacturer (Formax UK Limited). 
Typically, E-glass individual filament has a diameter between 8 and 20µm.  Laboratory 
microscopic observation and manufacturer supplied data proved that individual filament 
size used in this research were the same (16µm diameter) as shown in Figure 3.1.  
 
Figure 3.1: Microscopic observation of single filament 
3.2.2 Vinyl ester resin 
Vinyl ester resin is commonly used in the pultrusion process for high production rate and 
to control voids: as voids contents are relatively high in pultruded composites as compared 
to the composites made up by another method [127].  The variation of temperature during 
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the pultrusion process generates voids. But vinyl ester resin as a matrix with glass fibre as 
a reinforcement performs well to control the heat transfer rate [23].  These void/micro 
defects affect the mechanical properties as well as helping with moisture absorption. Atlac 
Resin 430 was used as a vinyl ester resin with TRIG C (hardener) and TRIG 21 (Initiator) 
with the mixing ratio 100:8:8 100 parts resin by weight, 8 parts hardener by weight and 8 
parts initiator by weight. This proportion is given by Exel composite Ltd. UK and the resin 
manufacturer. The resin manufacturer (DSM Composite resin) provided a stress-strain 
curve (see Appendix A6.2) and technical data sheet (see Appendix A6.1), which included 
mechanical properties, major applications, processing and other characteristic. 
3.3 Composite properties 
GFRP composites were produced  with E-Glass fibre supplied by Formax in the form of 
tows or rovings and Atlac 430 resin would normally be mixed with TRIG C (hardener) and 
TRIG 21 (initiator) supplied by Exel Composites Ltd. UK.  In this research, two 
procedures were adopted for the measurement of composite material properties. These are 
mentioned below:  
• Analytical procedure based on manual method to find the fibre volume fraction 
of laboratory made laminate. 
• Experimental procedure based on manufacturing and testing of pultruded straps 
provided by the manufacturer (Exel Composite Ltd. UK). 
3.3.1 Analytical procedure 
The analytical procedure was based on manual calculation of fibre volume fraction in a 
single glass roving and meso scale laminate and both were impregnated in the laboratory. 
A difference of 1.8% was found between them.  Details are given below: 
3.3.1.1 Fibre volume fraction in single E-glass roving laminate 
An analytical procedure was adopted to find the fibre volume fraction in order to establish 
the longitudinal and transverse modulus of a single (impregnated) glass roving which 
would be needed in the numerical model. The cross section of the roving was examined 
under the microscope and an image was obtained, as shown in Figure 3.2. E1 and E2 were 
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established by using the rule of mixtures.  
 
Figure 3.2: Polished roving showing number of filaments presents (image scale) 
Calculation of fibre volume fraction in E-glass roving 
Average fibre diameter measured = 7mm 
 
 
Approx number of fibre in each section: 
 
Total number of fibres counted =  Σ of all sections   = 1024 
 
 
Area of 1 fibre    = 2.rpi     
                          = 0.00003848m2 
 
 
Total area of fibres within microscopic image = 1024*0.00003848 = 0.039m2 
 
Area of image = 170* 360 = 0.0612m2 
 
 
Therefore, area of matrix material = (0.0612 – 0.039) 
                                                        = 0.0222m2 
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Fibre Volume Fraction, Vf = %100*0612.0
039.0
 
Fibre volume fraction in single E-glass impregnated roving = 63.7% 
 
Another approach, fibre volume fraction in meso-scale laminate, was also adopted to 
further verify the results. 
3.3.1.2  Fibre volume fraction in meso-scale laminate 
The pultruded meso-scale laminate was made up of 0o/0o laminae with special jig (see 
Figure 3.3b) quite close to pultrusion mould conditions. These were then cut into the 
required size (20 x 20mm) of small laminate (see Figure 3.3c) using parallel mounted 
diamond impregnated circular saw blades mounted in a horizontal axis-milling machine. 
The moulding process will be discussed in details in Chapter 4. 
 
Figure 3.3: Moulding jig showing: a). impregnation, b). clamping of impregnated rovings, 
c). GFRP pultruded laminate before and after trimming 
 
In order to calculate the fibre and resin weight fraction the (20 x 20mm) laminae, shown in 
Figure 3.3c, was weighed before and after impregnation. The mechanical properties of the 
pultruded composite were obtained using the rule of mixtures, Tsai and Hahn equations 
and transversely isotropic materials assumption for better estimation. The calculation of 
fibre volume fraction is shown below: 
Calculation of fibre volume fraction in meso-scale laminate 
 
The summary of fibre and matrix weight proportions in the 20 x 20mm small laminate is 
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shown below:   
Weight of uni-directional roving without resin (1 layer) = 40.05% 
Weight of uni-directional roving without resin (2 layer) = 80.1% 
Weight of resin = 19.9% 
 
Table 3.1: Volume and weight fractions of GFRP laminae 
 
Most of the composite material calculation is based on the volume fraction of the 
constituent. Fibre volume fraction is calculated as follows: 
 
 
 
 
 
Where V, w, ρ are the volume fraction, weight fraction and density; subscript f and m 
represent fibre and matrix respectively. Matrix density 314.1 cm
g
m =ρ [163] and 
354.2 cm
g
f =ρ [164] were used in fibre volume fraction calculations 
Fibre volume fraction of laminate = 65% 
The fibre volume fraction obtained from meso-scale laminate is somewhat high but may be 
acceptable for two reasons: 
• the same meso-scale laminate with all materials arrangement was used in the 
experimental investigation 
• the value is comparable with the manufacturer quoted value, (~ 60-65%).  The 
rule of mixtures was used to calculate the composite properties based on this 
fibre volume fraction. The individual material properties of single glass fibre 
and resin are tabulated in Table 3.2.  
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Table 3.2: Properties of single glass fibre and resin 
Applying the rule of mixtures: 
The laminae properties are obtained using the rule of mixtures as explained below. The 
rule of mixtures is used for orthotropic material [145] with various notations for different 
directions: 
• 1   represents longitudinal (fibre direction) 
• 2   represents transverse direction 
• 3   represents through thickness direction  
 
It is suitable if the longitudinal direction was taken along the fibre only for reliable 
material properties estimations. 
• Longitudinal tensile modulus: ( E1) 
 
       ---- (3a) 
• Poisson’s ratio ( υ12) 
 
  ---- (3b) 
where 
Ef is the modulus of elasticity for the fibres 
Em is the modulus of elasticity for the matrix (resin) 
Vf is the volume fraction of the fibres 
Vm is the volume fraction of the matrix (resin) 
Tsai and Hahn stress portioning parameter [146] is used for better value estimation in 
transverse directions. These are: 
mmff VEVEE +=1
mmff VV υυυ +=12
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  ---- (3c) 
 
 ---- (3d) 
 
 
 ---- (3e) 
Where 
• Volume fraction of matrix 
                      ---- (3f) 
• Shear modulus of matrix. 
     ---- (3g) 
• Shear modulus of fibre 
 ---- (3h) 
 
Stress partitioning parameters ηy, ηs, and ηG are the additional parameters in the rule of 
mixtures to measure the accurate transverse properties of laminate introduced by Tsai and 
Hahn (1980). ηy and ηs are calculated with the experimentally calculated values of    E1     
and    G12   and  ηG   is  calculated through the relation 
 
  ---- (3i) 
 
 
Tsai and Hahn used the assumption of transversely isotropic material for calculating the 
other transverse properties like E2 = E3,   υ13 = υ12, G12 = G13, and G23, υ23 is given by the 
relation. 
              ---- (3j) 
 
                ---- (3k) 
 
The GFRP laminae properties using the rule of mixtures, Tsai and Hahn and transversely 
isotropic materials assumption, as mentioned above, are tabulated in Table 3.3. The values 
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in this table are calculated from equations (3a-3k) by using the following material constant 
E f = 72GPa, E m = 3GPa, ν f  = 0.2, ν m  = 0.36, Vf = 65%, Vm = 35%, Gf = 30GPa, Gm = 
1.103GPa, ηy = ηs = 0.5, ηG = 0.63.  
 
Table 3.3: Material properties of GFRP laminae 
3.3.2 Experimental procedure 
Another method of determining the mechanical properties of the composite material is to 
conduct mechanical testing of pultruded section manufactured at Exel Composite Ltd. UK. 
The composite material was tested in accordance with British standards [165]. The details 
of specimen manufacturing, testing and procedures describing how to get mechanical 
properties through manufacturer provided pultruded section are as follows: 
3.3.2.1 Longitudinal properties of pultruded GFRP laminate 
A pultruded section manufactured at Exel Composites Ltd. UK used the same E-Glass 
rovings, which were tested to verify the mechanical properties obtained through an 
analytical procedure. Firstly, an experiment was conducted on a pultruded composite with 
longitudinally aligned fibres to determine the UTS as per British Standards [165]. 
Pultruded composite planks with a dog bone  shaped profile, of dimensions 25mm wide 
and 5 mm thick ( see Figure 3.4 and 3.5), were provided by Exel Composites Ltd. UK. 
These planks were then machined to a uniform thickness; removing the surface veil and 
continuous strand mat to leave unidirectional fibres. This also removed the mould release 
agent. The final thickness of the unidirectional composite strips was 3mm.  The 
unidirectional pultrusion strips were then cut to the required length using a parallel 
mounted diamond impregnated circular saw blade mounted in a horizontal axis-milling 
machine.  
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The minimum dimensions for the composite stated in British Standard test method [165] 
are:-  
 A: Overall minimum length                 =  200mm 
 B: Length between end-pieces, minimum   = 110mm 
 C: Width of tensile specimen                 = 25mm + 0.5 
 D: Thickness of material, Min            = 1mm 
                             Max            = 10mm 
 E: Length of end pieces, minimum           = 45mm 
 
 
Figure 3.4: Composite material section               Figure 3.5: Composite material pre- 
                                                                          machining 
 
The actual dimensions of the pultruded specimen can be seen in Figure 3.6. The composite 
material was coated (sealed) with low viscosity epoxy resin Araldite® AY103/HY951 to 
fill voids, reduce surface roughness and to provide a compatible bonding surface. Steel 
plates were then adhered to the composite using Araldite® 2015. 
 
Figure 3.6: Dimensions of pultruded specimens 
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These were then gripped in the Instron tensile testing rig and pulled at a rate of 0.5mm per 
minute at ambient temperature conditions, (about 18-22oC). Prior to the test, each test 
specimen dimension was thoroughly checked. The cross-sectional area calculation of each 
test specimen gives a rough idea about the failure load of each test specimen. In addition, 
the thickness and width of each specimen was measured using an electronic micrometer 
before the experiment.  A strain gauge was mounted to the specimen, along the loading 
direction. The test was performed on an Instron machine at a cross head speed of 
0.5min/mm. With the aid of data logger, a stress-strain curve was produced as shown in 
Figure 3.7. 
 
Figure 3.7: Stress-strain distribution curve obtained from tensile test result of pultruded 
GFRP specimen 
 
 
Taking the gradient of the elastic region gives the gradient and subsequent Young's 
Modulus of Elasticity. 
 
 
 
 
 
 
 
The modulus of elasticity of the composite was calculated to be 47.5GPa in the 
longitudinal direction. Figure 3.8 shows how the pultruded GFRP specimen, before and 
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after rupture. The figure also shows the delamination of the UD specimen(see Figure 3.8c).  
 
Figure 3.8: Pultruded tensile test specimens: a). without rupture, b). rupture with static 
tensile load, c). severe delamination 
 
The failure load was 52kN, resulting UTS= 693MPa (Ultimate tensile strength) obtained 
by using (Stress = Force / Area) and knowing that the specimen was 25mm wide and 3mm 
thick gives: 
 
 
 
 
 
 
 
This is verified in the Fibre force design manual, where the UTS is stated (for ~ 60-65% of 
fibres volume fraction) as 690N/mm2. The tensile modulus, E1
 
was calculated to be 
47.5GPa. 
3.3.2.2 Transverse properties of pultruded GFRP laminate 
For the unidirectional pultruded GFRP transverse tensile testing, two approaches were 
adopted. Both approaches were used to investigate the transverse behaviour of pultruded 
GFRP specimen. Approach 1 applies to the specimen without the dog bone shape and 
approach 2 with the dog bone shape.  Approach 1 is likely to be more expensive and 
complicated (extra machining and bonding) and the specimens are significantly affected by 
pre- machining material degradation before testing.  
A
F
=σ
003.0*025.0
52
=σ
MPa3.693=σ
                                                                                                                                                                              
                                                                 Chapter 3: Experimental Programme (Material Properties) 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       57 
 
Approach 1:  
Pultruded GFRP was cut into a section as shown below in Figure 3.9a. Onward this GFRP 
cut section was machined to a final uniform thickness up to 3mm and bonded using 
Araldite® 2015 to steel plates. This was due to the size of the pultruded specimen being 
too short (see Figure 3.9b). These were then gripped in the Instron Tensile Testing machine 
at a constant displacement rate of 0.5mm/min.  Figure 3.9c shows the fibre direction in 
specimen; perpendicular to the loading direction. The rest of the procedure was the same as 
that for the longitudinal tensile test. All major dimensions used in approach 1 transverse 
tensile test specimen are shown in Appendix A.1. 
 
Figure 3.9: Pultruded transverse specimen: a). pultruded section, b). uniform pultruded 
laminate bonded between steel straps, c). diagram showing fibre direction Vs loading 
 
 
Figure 3.10: Transverse strength and failure load of plane pultruded GFRP 
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Figure 3.9c displays how the specimens were loaded. Stress Vs displacement curve of 
three different specimens (A, B and C) are shown in Figure 3.10. Specimen A was 
discarded due to premature failure. Specimen B and C showed very close correlation  in 
terms of failure load and about 8% deviation was observed between them. A possible 
reason for this could be misalignment or specimen internal defects. 
Approach 2:  
In this approach a GFRP pultruded plank of dimensions 100mm long, 25mm wide and 
5mm thick by Exel Composite Ltd. UK was cut in 25 × 25mm square composites as shown 
in Figure 3.11a.  
 
Figure 3.11: Transverse pultruded specimen: a). 25 × 25mm square composite, b). dog 
bone shaped specimen, c). Failure specimen after test 
 
The square composite original thickness (5mm) was kept and extra machining was avoided 
to overcome the level of pre-material degradation before testing. The square composite 
was slightly machined to get a dog bone shaped specimen (see Figure 3.11b). 
Similar trend stress-displacement curves were generated from five similar configuration 
dog bone specimens as shown in Figure 3.12. The average failure load obtained through 
this approach was 20.54MPa, which is quite comparable to approach 1 (Failure 
load=20.11MPa).  In addition the transverse strength of the UD laminates is about 20-22 
MPa as claimed by pultrusion manufacturers. The above approaches and strength value (by 
pultrusion manufacturers) gives a clear indication that the transverse strength cannot 
exceed 20-23MPa. However the assumption here is that a transverse stress failure within 
the composite is within the matrix resin rather than the fibres. The resin manufacturer 
claims a tensile strength value of 90MPa. The main reasons for such a large difference are 
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the lack of ideal alignment in the transverse direction and interfaces flaws, including 
voids/micro defects. 
 
Figure 3.12: Transverse strength and failure load of dog bone pultruded GFRP 
3.4 Adhesive properties 
 In this section selection of adhesive and its properties used in finite element analysis are 
all discussed. Clearly, the use of proper adhesive has many advantages to offer such as, it 
allows excellent joint strength, assemblies of similar and dissimilar adherend and they can 
often result in cost reduction [40]. There is no ‘universal’ adhesive that will bond every 
substrate together, and so the choice of adhesive is always involved. 
3.4.1 Adhesive selection 
Araldite® 2015, a two component epoxy paste adhesive was chosen for adhesive bonding 
in this research. In general, the epoxy based adhesives offer strong bond strength and 
exhibit good stability. The two part epoxy adhesives are good candidates for the bonding 
of composites instead of single part adhesives. The choice of Araldite® 2015 was based on 
the following key properties: 
• the adhesive is widely used by many end users for bonding GFRP (Glass fibre 
reinforced  polymers) to itself and many other dissimilar adherends 
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• it is thixotropic and non-sagging up to level of 10mm thickness 
• it offers a resilient bond with high shear and peel strength which are particularly 
important given the nature of the types of tests performed it has low shrinkage 
properties 
• it has a good shelf life and can be stored at room temperature 
• it can either be cured at room temperature or at elevated temperature 
• Araldite 2015 exhibits good gap filling properties. 
 
Araldite® 2015 is stored in a refrigerator controlled at the low temperature of 5oC. The 
recommended temperature set by the manufacturer is 2-8oC. Shelf life established by the 
manufacturer at this temperature is 2 years and should be replaced within 6 months after 
being used, prior to the expiry date. The adhesive preparation work requires more care; 
especially before applying. The adhesive needs to be placed at room temperature from the 
cold temperature, for at least 30mins.  This process is essential to promote effective 
adherend surface wetting. Araldite® 2015 exhibits good gap filling properties and, so the 
first thin coat of adhesive was applied by a knife- coating procedure and the rest of the 
following coats by a normal smooth pressure. Bonding pressure on the joint was applied by 
using specially designed bonding jigs. 
3.4.2 Production and testing of adhesive specimens 
Mechanical properties of Araldite® 2015 are required for the finite element analysis, such 
as Young’s modulus, Poisson’s ratio and tensile strength. These properties were 
determined in the laboratory by casting the bulk adhesive into dog bone shaped specimens 
and testing them after mounting strain gauges (as explained later). The purpose of these 
tests is to verify the properties provided by manufacturers. The Young’s modulus of 
elasticity provided by the manufacturer (HUNTSMAN) was found to be in line with values 
derived from these tests. The dimensions of the bulk adhesive specimens were similar to 
those of British Standard [166] as shown in Figure 3.13 and all other major dimension are 
mentioned in Appendix A.3 (see Figure A.3.1). 
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Figure 3.13: Dimension of bulk adhesive tensile test specimen 
It was produced using a silicone rubber mould for more accurate dimensions and easy 
removal of cured specimen without using any mould release spray (see Figure 3.14). The 
steps involved during the fabrication of a silicone rubber mould are shown in Appendix 
A.2 and Appendix A.2.1 shows the schematic view of silicone rubber mould fabrication 
(see Figure A.2.1). The Araldite 2015 bulk specimen fabrication procedure was performed 
as follows:- 
Clean mould thoroughly with LOCTITE 7063 cleaner in order to remove all traces of oil 
and dirt prior to application of the adhesive 
• it was extremely important to make sure that the mould surface and edges are 
free of air bubbles, pits, sink marks and all type of scratches. Araldite® 2015 
was poured into the female mould part using an adhesive gun with mixer nozzle 
as shown in Figure 3.14a,  a spatula was used to spread all adhesive smoothly 
onto the mould cavity 
• the filled mould was then covered with a male mould part (see Figure 3.14b) 
and clamped at different locations to ensure uniform thickness and smooth 
surface 
• this clamped mould was then placed in a preheated electrical convection oven at 
85 oC. After 1 hour of curing, the oven was turned off and the mould was left 
inside to cool uniformly for 5 hours. This was again aimed at reducing the 
possibility of thermal shocks occurring to the specimens 
• finally, the excess adhesive was carefully trimmed off by using a sanding 
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adaptor attached to a multi-purpose, high speed rotary tool called the 
DREMEL®.  The final dimension of the cured specimen (see Figure 3.14c) was 
measured using a micrometer to ensure that final specimen was the right 
dimension. 
 
Figure 3.14: Production of bulk adhesive dog bone specimen 
Rosette type strain gauges (CEA-06-250UW-120 of VISHAY Measurements Group UK 
Ltd) were used for the strain measurements. A small strain gauge was used to get clear 
output data because of the limitation of bonding space and to reduce the probability of 
degradation of the bonded surface.  Before bonding a strain gauge, the specimen surface 
was roughened with fine emery paper. It was cleaned with recommended primers and 
bonded with the supplier’s recommended M-Bond AE-10 Epoxy strain gauge adhesive.  
 
Figure 3.15: Strain gauge mounted dog bone specimen: 
a). Longitudinal direction, b). transverse direction 
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Figure 3.15a represents a strain gauge mounted in a longitudinal direction, while a strain 
gauge in transverse direction is shown in Figure 3.15b. The best specimens (voids and 
defect free) were selected and tested under monotonic tensile loading with a Zwick/Roell 
tensile testing machine at a constant cross head speed of 0.5 mm/min at ambient 
temperature conditions which are estimated to be about 18-22oC. All specimens were 
tested to failure and an established stress-extension curve is displayed in Figure 3.16. In 
addition the stresses are plotted against the corresponding strains in bulk araldite as 
illustrated in Appendix A.3 (see Figure A.3.3). A Solaritron Schlumberger 3531AD data 
acquisition system was used for data logging. All associated measuring devices were 
connected and configured accordingly.  The load input from the tensile tester was recorded 
by the data logger in terms of voltage (10V=5kN). With the application of load, the length 
of strain gauge arms changes, producing strains that were recorded by the data logger on 
three selected channels. Output was displayed on the screen of the data logger and 
simultaneously saved on a floppy disk in the form of a .dat file. This was converted to a 
.dif file, which was then read and analysed with an Excel spreadsheet, which are tabulated 
in Appendix A.3 (see Table A.3.1). 
 
Figure 3.16: Araldite 2015 stress-extension curve from bulk dog bone specimen 
 
The bulk adhesive specimen tested in the laboratory failed at about 19.23MPa as shown in 
Figure 3.16. This represents only 50% of their maximum expected strength which is 
40MPa according to the manufacturer’s technical data sheet (see Appendix A.4). The main 
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reason for this difference is void content at the edges of the specimen as shown in 
Appendix A.3 (see Figure A.3.2). Therefore, it is important to verify the bulk adhesive 
results using the steel butt joint as per British Standards [167]. Three butt joint specimens 
were fabricated and tested (see Figure 3.17).  
 
Figure 3.17: Steel butt joint 
 
Figure 3.18: Stress strain curves from steel butt joint 
 
These were bonded with Araldite 2015 adhesive with 0.5mm bondline thickness. These 
were tested under monotonic tensile loading with Zwick/Roell tensile testing machine at a 
constant cross head speed of 0.5mm/min at ambient temperature. Specimen A and 
specimen C have comparable and better strength than specimen B as shown in the stress-
strain curve of Araldite 2015 (see Figure3.18).  Araldite® 2015 tensile strength using butt 
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joint gave 35MPa, much closer to the claim by the supplier (up to 42.7MPa).  
3.4.3 Extrapolation of data 
Since the adhesive displays both the plastic and elastic regions, these properties had to be 
included in the finite element analysis. Therefore it is necessary to produce elasto-plastic 
data, based on available test and manufacturer data and relevant engineering assumptions, 
as shown below:- 
The stress-strain curve for Araldite 2015, the small dashed line is the true stress-strain 
curve from the Huntsman technical data sheet (see Appendix A.4, page A-15 for stress-
strain curve). In order to calculate the strain at the adhesive failure load, the true curve is 
extrapolated to 40MPa. This is the large-dash line. The final point A (from Appendix A) is 
moved to point B, assuming that the stress-strain curve has the same functional form which 
gives the large-dash line.The extrapolated true stress-strain curve is then converted to an 
elastic-plastic stress strain curve: the continuous line (see Figure 3.19 and Table 3.4).  
 
 
Figure 3.19: Stress-strain curves for Araldite 2015 
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• At 30MPa, strain is 0.044 (see Appendix A.4-datasheet). 
• Properties assuming perfect elastic / perfect plastic at 40MPa & 1.8GPa 
 
 
 
So, 
 
 
 
 
For the elastic plastic model, the adhesive fails at a stress of 40MPa. The adhesive is in the 
elastic region between a strain of 0 and 0.022. After 0.022 the adhesive is in the plastic 
region, until 0.06, where it fails. Plastic properties are tabulated in Table 3.4. 
 
Table 3.4: Plastic properties of Araldite 2015 
The Poisson’s ratio, 0.37 was obtained from an adhesive bulk specimen test as tabulated in 
Appendix A.3 (see Table A.3.1). These adhesive elastic properties are quite comparable to 
the HUNSTMAN Adhesive data sheet as shown in Appendix A.4. 
3.5 Coating resin properties 
Araldite® AY103 was used as the resin and HY 951 as the hardener for coating the surface 
prior to bonding. Using the electronic scales and following the manufacturer’s guidelines 
(see Appendix A.5), the mixing ratio of resin/hardener is 10:0.8, 10parts resin by weight 
and 0.8parts hardener by weight.  
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Chapter 4 
 
Experimental Programme  
(Meso laminate) 
 
 
 
 
4.1 Introduction 
To understand failure of DLS joints, based on pultruded composites, it was necessary to 
produce laminates more effectively with various material arrangements; especially fabric 
organisations for surface layers. The fabric was based on two sizes of E-glass rovings, 
namely 4800Tex and 3600Tex and both have the same filament size (16µm diameter). In 
addition random glass fabric mat of 450gsm was used. The matrix resin is vinyl ester resin.  
Small laminates (meso-scale) of a size of 20mm x 20mm x 1.2mm were moulded and 
bonded. These represent local shear and peel stresses that are expected in DLS joints. This 
chapter explains how the meso-scale laminates were moulded with various fabric 
organisations. It then goes on to explain coating and bonding with the aid of specially 
designed jigs. It also gives the details of the testing procedures, including tabulated and 
graphical figures, based on experimental data which are then discussed. Finally the 
microscopic observations and failure modes are presented. In addition, the bonding, testing 
and results of macro-scale DLS model/joints were added for comparison with meso-scale 
model/joints. 
4.2 Production of specimen and set-up 
To produce meso-scale laminates with various fabric organisations, special moulding and 
bonding jigs were designed and manufactured to represent pultrusion close mould 
conditions. All production processes were carried out according to the manufacturer 
recommendations including the mixing of resin with hardener, initiator and filler and 
application of tension/compression on the glass roving (Type 3600/4800Tex from Formax) 
during impregnation. Figure 4.1 shows the details of the shear and tensile bonded 
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specimen, which are to be tested (see Figures 5.1 and 5.3 for dimensions).  These are not 
standard test specimen, but are largely based on shear and butt tensile joints in British 
Standard [166]. The moulding and bonding processes of the meso-scale laminates are 
described below: 
 
Figure 4.1: a). tensile, b). shear specimen with adaptor 
4.2.1 Specification of various fabric organisations 
The small laminates were moulded with various fabric organisations (see Figure 4.2), for 
the surface layers. The organisation of different fabric layers is important for the 
enhancement of adhesion in adhesive bonded joints and this is often neglected. The 
pultrusion profiles are dictated by the requirement to balance the stiffness and strength in 
longitudinal and transverse directions of the pultruded sections. Figure 4.2 shows that the 
resin impregnated fabric (composite) is separated by thin resin layers to allow interlaminar 
failure. The outside of the laminates are coated with epoxy resin. The details of fabric 
organisations used in this research are also shown in Figure 4.2.  
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Figure 4.2: Fabric organisation in meso-laminates with epoxy coating 
Fabric organisations in meso-laminates with epoxy coating are as follows:- 
• LL: - Two UD rovings mats (4800Tex) stacked at 0-direction i.e. along the 
loading direction (x-axis). 
• LT: - Two UD rovings mats stacked at 0/90o bi-direction. Same roving size 
used in LL (4800Tex). 
• RL: - A random mat stacked on the top of UD mat at 0-direction (4800Tex 
rovings). 
• WR: - A 0/90 woven rovings mat (3600Tex) stacked on the top of a random 
mat. 
• IR: - A 0/90 inlaid rovings mat (3600Tex) stacked on the top of a random mat. 
The steps of production are described below: 
 4.2.2 Laminates moulding 
4.2.2.1 Design and manufacturing of moulding jig 
In order to mould meso-scale laminates with various material arrangements a special 
moulding jig was designed and manufactured: taking care to ensure perfect alignment of 
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the roving clamping plates. It also aimed to reduce void content. The moulding jig was 
based on two main parts: 
• The square base plate made of steel. 
• The upper and lower detachable copper mould.  
The moulding jig was kept as small as possible, to make it portable and easy to use. Steel 
screw threads and roving clamping plates were screwed on the base plate, while the copper 
mould was fixed in a detachable slot for resin cleaning as shown in Figure 4.3. An 
engineering drawing of the moulding jig with details of dimensions is given in Appendix 
B.1 (see Figure B.1.1and B.1.2). Further sub parts of moulding jigs are shown in Figure 
4.3. 
 
Figure 4.3: Jig used to mould small laminates 
The mould is designed to represent pultrusion mould conditions to provide the following 
loading conditions: 
• a tensile load scheme is introduced on the impregnated roving by turning the 
screw threads in a clockwise direction. This in turn pulls the fibres tightly for 
proper alignment and reduces the possibility of fibres twisting around one 
another 
• compressive load was applied on the copper mould by 10.5 kg in the form of a 
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steel block. This was used to apply downward pressure at the top surface of the 
upper copper mould. This is important as it removes all excessive resin from the 
mould. The process involves various iterations in consultation with 
manufacturer (Exel Composite Ltd. UK).                  
4.2.2.2. Moulding with various fabric organisations 
As stated above, the E-glass was supplied by Formax Ltd. in the roving sizes, 4800Tex and 
3600Tex. Each individual roving was firstly cut to a 100mm length as shown in Figure 4.4. 
Four glass rovings were then bound together to make a cross section of 20mm wide. The 
material included Atlac resin 430 (vinyl ester), TRIG C (hardener), TRIG 21 (Initiator) and 
other supportive materials like internal mould release agent and calcium based filler 
powder. Atlac 430 was mixed with the TRIG C and TRIG 21, with the mixing ratio 
100:8:8, 100 parts resin by weight, 8 parts hardener by weight and 8 parts initiator by 
weight. This proportion is given by Exel composite Ltd. UK and resin manufacturer. Resin 
manufacturer (DSM Composite resin) provided a technical data sheet, which includes 
mechanical properties, major application, processing and other characteristics, which are 
mentioned in chapter 3 (See Appendix A.6).The filler powder aims to improve the 
moulding process and mechanical properties of the composite.  
Nisar et al. [147] observed joint strength improvement by about 5% with the addition of 
filler.  Park et al. [148] reported that smaller filler particle size can strengthen the 
composite. The roving impregnation into the resin mixture is shown in Figure 4.5.  It was 
very important that some preparatory work was carried out on the mould itself before 
moulding started. Firstly, the jig was cleaned with the industrial cleaner LOCTITE 7063 
then PTFE sheet was cut to fit inside the copper section to ensure that the resin and 
adhesive bits did not bond the copper mould to the steel base plate. 
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Figure 4.4: 3600/4800Tex – E-glass roving 
 
 
 
Figure 4.5: E-glass roving impregnation 
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Lastly, the entire jig was sprayed with mould release agent of thin polytetrafluoroethylene 
(PTFE) to guarantee easy release of laminate after the curing process. Figure 4.6 shows the 
moulding steps of small laminates including rovings impregnation. The details of the 
moulding jig design are shown in Appendix B. 
       
Figure 4.6: Aspects of laminate moulding: a). moulding jig, b). impregnated rovings in 
mould, c). 0/90 impregnated rovings in mould, d). roving clamped and compressed with 
upper mould 
 
Two impregnated rovings were placed in a lower copper mould: one perpendicular to the 
other (0o/90o laminate) and fixed with roving clampers as shown in Figure 4.6c. The screw 
threads were tightened until the fibres were seen to be almost fully aligned. The copper 
upper mould was then placed on top of its lower mould counterpart (see Figure 4.6d) and a 
10.5kg weight (in the form of steel block) was used to provide downward pressure on the 
mould. This compressive load is important to control excess resin volume. The composite 
was cured in the oven for 45mins at 130°C. To reduce the possibility of any thermal shock, 
the entire assembly was left in the oven for 3-5 hours to cool uniformly; otherwise micro-
cracking may have occurred. After curing, the clamps were undone and the composite was 
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easily removed from the mould as shown in Figure 4.7a.  
 
Figure 4.7: Cured 0o/90o laminate: a). after moulding, b). after trimming 
Excessive edges were trimmed using a diamond cutter to obtain a 20mm x 20mm square 
laminate (see Figure 4.7b).  In total, 10 sets of 10 specimens with various fabric 
organisations were made in this manner: 5 for the tensile tests and 5 for the shear tests. 
This was to enable a good average to be obtained. Since the specimens are quite short in 
length, it was important that when they were cut to size (20mm x 20mm). The edges were 
smooth with little abrasion to the ends of the fibre; otherwise this may have affected the 
strength of the final bonded specimens. 
GFRP is extremely abrasive when machined [149] and so a special cutting tool was 
needed. The tool selected was the departmental parallel mounted diamond impregnated 
circular saw which was mounted in a horizontal axis milling machine. Previous studies 
indicate that this has proven to be the best method available and due to the quality of the 
surface finish, all specimens were cut in this manner. The image shown in Figure 4.8 is 
taken on a microscopic level of the cross section of one of the composites after it was cut 
to size. Little abrasion at the edges of the laminate was observed as a result of the cutting 
process as shown in Figure 4.8.  
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Figure 4.8: Microscopic image of laminate section  
showing fibre abrasion after cutting 
Even so, the composites were still acceptable as the tearing produced was so small that it 
would not cause any degradation in mechanical strength and would later be covered by the 
surface coating. Also, since the area of interest was in the centre of the composite, these 
edges were not of any concern. In order to improve the quality of adhesion between the 
aluminium and composite, this 20 x 20mm laminate was then coated with an epoxy 
adhesive, prior to the start of bonding. 
It is worth mentioning here that the quality of the laboratory laminates is comparable with 
those of the manufacturer, in terms of mechanical properties and voids content. This is 
discussed in detail in Chapter 6. 
4.2.3 Laminates coating 
To improve the quality of adhesion between adhesive and composite pultrusion, it has been 
proven that it is beneficial to coat the composite in a low viscosity epoxy resin and then 
cure, before bonding the two adherend jigs together. This low viscosity coating 
consolidates the fibres on the surface and subsurface. It also improves wetablility by 
lowering the surface tension and by filling microscopic voids between the fibres. 
Increasing wetability of the surface increases the area of contact between the adhesive and 
the adherend as well as promoting molecular adhesion [4]. The coating also sealed in any 
loose fibres caused by cutting as seen in Figure 4.8.    
The method adopted to apply the low viscosity resin was as follows: 
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A glass bottle was weighed accurately to 0.00005g. The scales were initialised to zero with 
the bottle remaining on them. Approximately 10g of epoxy resin Araldite AY103 
(Huntsman) was poured (very viscous) into the glass jar. (The actual mass was 12.6802g). 
The scales were initialised again, and then HY 951 hardener was measured to 0.8g. This 
was carried out by drawing HY 951 into a syringe and gradually adding drop by drop (the 
actual mass was 0.7983g). The manufacturer’s recommended resin / hardener ratio is in 
between 10:1 and 10:0.8 (see Appendix A.5). The two part epoxy resin was then mixed by 
a shaking process. The viscosity of the coating was less than 1mps at 25oC. This was then 
left to rest for 20mins to allow the adhesive to become gel form and to allow the air 
bubbles to rise to the top of the jar. This ensured that the resin was free from air bubbles. 
The bubbles could cause problems if directly applied to the composite and cured. The 
coating process is straight forward, but careful consideration must be taken at all times, 
otherwise it is difficult to get a smooth coating surface without bubbles. Figure 4.29c 
shows the air bubbles, which were trapped during the coating process. To remove any 
loose glass fibres, the composite was abraded with silicon carbide cloth (emery cloth). The 
composite surface was abraded 10times in one direction and 10times in the cross direction, 
then against the fibres 10times. This also helps to remove the mould release agent used in 
the moulding process.      
The composite specimens were then cleaned with LOCTITE 7063, which is a general 
purpose industrial solvent for cleaning and degreasing surfaces. This removed graphite 
pencil marks and human finger prints, which contain oil. One side of the composite was 
coated with the epoxy resin using a paint brush. This coated surface was then placed wet 
side down onto Teflon coated steel plate to allow the resin to pool out and to ensure a 
consistent even coating. The coated specimens were then placed in the oven to cure at 
100°C for 20mins after which the oven was turned off and the specimens were left to cool 
for 5hrs. This was again aimed at reducing the possibility of thermal shock to the 
specimens. 
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Figure 4.9: GFRP specimens: a). before and after resin coating, b). edge smoothing 
This procedure was repeated for the other side of the composite. Finally the excess epoxy 
resin, that was a result of the resin pooling, was machined off using a small rotary sanding 
tool called the DREMEL® as shown in Figure 4.9a, b. Special care was taken not to 
damage the composite/coating and ensured that the tool vibrations were minimal. The 
thickness of the composite was measured before and after coating and the average 
thickness of coating was 0.162mm with a standard deviation of 0.035mm. To assess the 
quality and effect of coating, the shear specimens were tested in the same manner, detailed 
in section 4.3.1. 
 
Figure 4.10: Load-displacement curve for shear specimen: 
a). before, b). after the application of epoxy coating (also see Figure 4.1) 
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Figure 4.10 shows the load-displacement curves for coated and uncoated surface joints. 
This clearly indicates the effectiveness of coating prior to bonding. 
4.2.4 Laminates adhesive bonding 
4.2.4.1 Design and manufacturing of bonding jig 
For the bonding of small laminates, there was always the issue of eccentric alignment 
between the upper and lower adherend of both shear and tensile specimen. C-clamp and 
macro jigs (for big joint bonding) were employed in early fabrication to achieve perfect 
eccentricity alignment but significant variation between results was found using the same 
configuration specimens with these bonding jigs.  Appendix B.2 illustrates the meso-scale 
bonding jigs, where as Figure B.2.1 shows the bonding of tensile specimens and Figure 
B.2.2 shows the bonding of shear specimens with C-clamp jig in Appendix B.2.1. 
Similarly Appendix B.2.2 illustrates the macro jig (See Figure B.2.3). Bonding through 
these jigs is difficult due to the size of the joint and so help is always required.  During the 
tightening process continuous help was needed to adjust the specimens by using a spatula 
to correct any slippage. This made it very hard to get perfect alignment. After several trial 
and error the alignment issue was fixed by designing jig shown in Figure 4.11. Figure 
4.11a shows the tensile bonding jig whilst Figure 4.11b shows the shear bonding jig. The 
engineering drawing with all major dimensions of both jigs is explained in Appendix B.2.3 
(See Figure B.2.3.1, B.2.3.2 for tensile and Figure B.2.3.3, B.2.3.4 for shear bonding jig). 
These jigs are necessary to achieve accurate alignment of adhesive joints and uniform 
adhesive bondline thickness. Further sub parts of both tensile and shear bonding jigs are 
shown in Figure 4.11. 
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Figure 4.11: Small laminate bonding jig: a). tensile specimens, b). shear specimens 
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4.2.4.2 Bonding of laminate 
This section explains the adhesive bonding of the laminates to the aluminium adherends. 
This involves sandwiching the thin laminates between two aluminium adherends to form 
shear or tensile adhesive bonded specimens (see Figure 4.1). The bonding process involved 
surface preparation, adhesive application, clamping and curing. Surface preparation was 
carried out to British Standards [150]. The standard states that aluminium is required for 
proper cleaning prior to bonding. Aluminium has a very thin oxide surface layer that would 
firstly need to be removed otherwise there may be interfacial problems between the 
adhesive and the aluminium. In addition, Huntsman [151] provided a general guide about 
the surface preparation procedure.  
The main reasons for surface preparation are as follows: 
 
• to remove and prevent any weak boundary layer on adherend (oxidising layer, 
grease/oil) 
• to maximise the close molecular contact between the adhesive and the adherend 
during bonding 
• to provide the plane surface, that is microscopically rough. 
 
The shear and tensile aluminum adherends were lightly sand blasted and the composite 
was light abraded prior to bonding. Degreasing the surfaces before and after blasting was 
done to avoid the contamination of blasting agent, aiming to improve blasting efficiency 
[152]. Grit size 30/40 mesh was used. A Guyson blast cabinet was used for specimen grit 
blasting. A blast pressure of 80N/cm2 was applied through the blast gun. The average 
distance between the blast gun and adherend surface was about 50-70mm from the gun 
perpendicular to the blast surface. Blasted adherend surfaces were cleaned using 
compressed air to ensure the removal of all loose particles. Finally the adherend surfaces 
were degreased with LOCTITE 7063 cleaner. The edges of the composite were then 
marked to aid alignment when bringing the bond surfaces together. The aluminum 
adherends were specially designed to ensure the load transfer directly to the centre of the 
composite. Minimum alignment effort was required between adherend and composite 
during bonding. The details of the adherend can be located in Appendix B.4 (see Figure 
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B.4.1) for shear and for tensile (see Figure B.4.2).  The tensile or shear configurations 
were bonded to the GFRP specimens using the adhesive Araldite® 2015.  
 The adhesive was mixed by the means of a mixing nozzle attached to the cartridge and 
then, through a specially designed adhesive gun, the adhesive was squeezed from the 
cartridges into a plastic mixing tray. To confirm the adhesive was well mixed, a wooden 
spatula was used. The adhesive was then generously applied using a spatula to both faces 
of the laminate. One side of upper aluminium adherend and lower aluminum adherend 
were then placed, and primarily aligned, with the upper adherend using the help of a 
marked point made at the edges of the GFRP laminate. The schematic details of the shear 
and tensile specimens are shown in Figure 4.12a, b. thin polytetrafluoroethylene (PTFE) 
sheeting was applied to one of the aluminum adherends. This was to ensure that the bond 
area was 10 x 10mm as shown in the figure.         
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                               Figure 4.12: Bonding specimen: a). shear, b). tensile  
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The adhesive thickness was physically controlled by the thickness of the PTFE sheet, 
which is 0.15mm. This resulted in a normal bondline thickness of 0.2mm. Finally after the 
application of adhesive and the primary attachment of adherend jigs with the laminate was 
complete the space between the top surface of the upper adherend and the lower surface of 
the lower adherend was measured with a depth micrometer to make sure the adhesive 
bondline had even thickness. It was important to ensure that the adhesive was applied 
effectively at the edges to ensure good adhesion, where high stresses were likely to occur. 
The joint was then assembled in the bonding jig.  
A modest clamping force was applied to the test specimens. This ensured the adhesive was 
distributed evenly and at a constant thickness. The joints were already eccentrically aligned 
by using a specially designed bonding jig as shown in Figure 4.13. Once sufficient force 
was applied through screw threads, the clamping jig was placed into an oven at 85oC for 
1hr. This was to ensure the specimen temperature in the bondline was about 80oC.  After 
1hr, the oven door was left open and was allowed to cool naturally for at least 5hrs. This 
was in order to reduce the risk of residual stresses caused by rapid cooling. Due to 
tightening the jig, excess adhesive had spewed out the sides of the specimens, particularly 
on the upper adherend (see Figure 4.14). It was important to remove this excess adhesive 
as it would have caused localised stiffening around the edges and affect the results. The 
DREMMEL® grinding tool was used to remove the excess adhesive, especially from the 
edges of the shear specimens. 
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Figure 4.13: Curved bonded specimen in bonding jig: 
a). tensile specimens, b). shear specimens 
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Figure 4.14: Bonded specimens showing 20 x 20mm laminate bonded between adherend 
jig: a). tensile specimen, b). shear specimen 
4.3 Experimental testing and results 
4.3.1. Experimental testing 
The shear and tensile specimens were tested under monotonic tensile loading with the 
Zwick/Roell tensile testing machine. This is a constant rate displacement machine. All 
experimental tests were performed at a constant cross head speed of 0.5mm/min at ambient 
temperature. Figures 4.15a, b show the tensile and shear specimens with clamping and 
alignment adaptors during testing.  The clamping adaptors were used to ensure the 
specimens were more effectively held in the tensile testing machine. Details of shear and 
tensile clamping adopters are shown in Appendix B.3 (see Figure B.3.1 and B.3.2). As 
discussed earlier the alignment issue was overcome to some extent by proper design of 
shear and tensile aluminum adherends. Further alignment was controlled through an 
alignment adapter used, when inserting new specimens after the end of each test. The 
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details of the alignment adaptor are shown in Appendix B.3.3 (see Figure B.3.3). To secure 
the bonded specimens during clamping to the adaptors, two high strength steel pins were 
used instead of screws. This reduced the possibility of a twisting affect on the bonded 
laminate, which would occur during the tightening of screws. Steel pins were chosen on 
the basis that high shear stresses would manifest around the holes and therefore it was 
important to ensure that the pins were stronger than the specimens in order to guarantee 
that they did not yield at any point during the test.  
 
Figure 4.15: Meso-scale specimen during clamping into testing machine: 
a). tensile, b).  shear specimen 
An external extensometer was attached along the joint overlap (see Figure 4.15) for 
displacement measurement. Besides the external extensometer, there was also a cross-head 
extensometer in the testing machine. Slight deviation in reading was found between both 
extensometers, so the reading obtained from built-in extensometer was ignored. The steps 
of test procedure are as follows: 
• the experiments were conducted at room temperature ( about 18-22oC). All 
dimensions of testing specimen were checked and necessary calculations done 
prior to the start of testing to avoid unusual disturbance. The calculation of the 
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cross-sectional area of each specimen, prior to testing, helps to get a rough idea 
about yield load 
• prior to the start of the test, the width and thickness of each specimen was 
measured, as this data is used as an input into the testing machine software 
• to ensure thorough visual inspection that the central axis of both test specimens 
and testing machine grips are aligned 
• the machine grips were tightened uniformly to avoid slippage between grip and 
specimen 
• all devices, including software installed PC, were checked and calibrated 
accordingly 
• the cross head speed was set at 0.5mm/min. 
Typical graphs for shear and tensile LL specimens are shown in Figure 4.16 and 4.17. Both 
graphs show the force–displacement curve of three out of five specimens. In addition the 
average failure load is also mentioned in figures. Graphs for other test specimens are 
shown in Appendix B.6. Figure B.6.1.1 to B.6.1.4 for shear (see Appendix B.6.1) and 
Figures B.6.2.1 to B.6.2.4 for tensile specimens (see Appendix B.6.2). 
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Figure 4.16: Failure load Vs extension curve of LL shear specimen 
 
 
Figure 4.17: Failure load Vs extension curve of LL tensile specimen 
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4.3.2. Experimental results 
Table 4.1, Table 4.2 and Figure 4.18 summarise the results of experimental testing of both 
shear and tensile specimens.  
 
Table 4.1: Experimental results of shear specimen 
          
                                Table 4.2: Experimental results of tensile specimen 
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The following remarks are relevant:  
• all the values used in tables and figures were taken as average values of three 
out of five specimens 
• consistency in adhesive thickness in all specimens was achieved with the help 
of the bonding jig. The thickness varied between 0.01-0.03mm 
• different configurations laminates were achieved after trial and error with less 
variation in thicknesses with the help of a moulding jig, balanced pulling and 
compressive force on the roving. The thickness varied between 0.03-0.04mm 
• the results clearly demonstrate that the LL configuration have a higher failure 
load in both shear and tensile specimens than LT and RL. Most like the LL 
specimen have double strength in a longitudinal direction. Other reasons are 
given in the discussion chapter 
• the RL configuration have significantly lower failure loads than others in both 
shear and tensile specimens. A possible reason is the poor longitudinal and 
transverse strength of random fabric. Further details are given in the discussion 
chapter 
• the IR specimens exhibited the highest strength for both the tensile and shear 
specimens   
• the shear strength improvement of the IR model over RL, LL, LT and WR are 
about 62%, 10%, 26% and 18% respectively. Perhaps using smaller Tex 
rovings, as well as having UD fabric along the loading direction in the case of 
IR, is the reason for this improvement 
• the tensile strength improvement of IR over RL, LL, LT and WR is about 28% 
and the improvement of IR over RL is about 44%. The tensile failure is 
possibly less sensitive to the roving orientation but more so for the random 
fabric  
• a significant difference in failure load was found between shear and tensile 
testing results, because the tensile specimen is more sensitive to testing than the 
shear specimen. Shear specimen has combined shear and transverse loading, 
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which suppress transverse stresses in composite, but the tensile specimen is 
dominated by transverse loading only 
• another possibility for this difference is the issue of voids that were evident 
from the microscopic examination. Voids are perhaps more critical to failure in 
tension than in shear loading. When the composites were subjected to shear 
loading, some areas of the specimens would actually be under compression. 
These compressive forces would close up any voids and hence the specimens 
would be more resilient to failure  
• although the standard deviations are relatively small for  many specimens (see 
Figure 4.18)  they were discarded due to poor moulding at an early stage 
• the causes for the results deviations are likely to be the effects of voids and 
possible misalignments of specimens 
• IR and WR specimens exhibit less failure load deviation than LL, LT, RL 
specimens (see Figure 4.18). A likely reason is that LL, LT, RL specimens used 
higher Tex roving (4800Tex) and IR and WR specimens are based on smaller 
Tex roving (3600Tex) 
• higher Tex roving had a higher population of voids than smaller Tex. This 
conclusion was made after several microscopic observations 
• the average tensile and shear strength in the laminates are obtained from 
dividing the failure load by the bond area or the delamination area beneath it. 
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Figure 4.18: Failure strength variation of meso tensile/shear bonded joint 
with respect to different fibre architecture 
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4.4 Failure mechanism 
The joints were designed and produced to ensure that failure initiates at specific locations, 
nearer the edge of the joints. However, it is extremely difficult to determine the exact locus 
of failure because this often happens in a brittle and sudden manner. Examination of 
fracture surfaces of the specimens suggests three types of failure, which are as follows:- 
• intralaminar - transverse (out-of-plane or peel) failure within the laminate 
surface just below the coating resin layer. This is referred to as transverse 
failure 
• interlaminar - transverse and shear failure at the resin separating the two 
layers/plies. These is referred to as interlaminar failure 
• longitudinal - tensile failure along the laminate. This is may be limited to WR 
and RL shear specimens.    
4.4.1. Failure of shear specimens 
As mentioned previously, in the experimental set-up, PTFE tape was used on one of the 
aluminium adherends so that the bond area of the composite was restricted to 10 x 10mm. 
This appeared to be successful for most of the specimens which showed a failure occuring 
only within this restricted area. Figures 4.19-4.23 show the failure surfaces of different 
shear specimens . Therefore edge effects were assumed to be minimised in that respect. 
The images below show all fracture modes (intralaminar, interlaminar and mixed). The 
shear joints were designed to ensure that failure initiates at the edge of the joints, as 
indicated on the figures. Due to the adhesive coating strong interface, failure proceeds 
below the coating layer and then propagates deeper into filaments of the composite upper 
ply. This is perhaps due to voids/micro defects or fibre/matrix interface failure. The LL 
specimen failed in intralaminar mode at the surface level as shown in Figure 4.19.  Some 
specimens delaminated by the intralaminar fracture as shown in Figure 4.20 for LT 
specimens. In LT, the longitudinal roving as a surface roving, takes a high proportion of the 
loading as compared to the transverse rovings beneath it. 
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              Figure 4.19: Intralaminar fracture mode of LL specimen 
                    
 
                 Figure 4.20: Intralaminar fracture mode of LT specimen 
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The RL specimen showed an intralaminar failure mode (see Figure 4.21) and this is likely 
due to the random fabric being quite weak in transverse directions. This, along with many 
other factors (see discussion), was more than likely the cause of the specimen failing at 
such a low load. Interlaminar failure modes were observed in IR and WR specimens as 
shown in Figure 4.22 and 4.23. 
 
                        Figure 4.21: Intralaminar fracture mode of RL specimen 
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           Figure 4.22: Interlaminar fracture mode of WR specimen 
                                                 
 
                Figure 4.23: Interlaminar fracture mode of IR specimen 
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4.4.2. Failure of tensile specimens 
The failure surfaces for the tensile specimens are shown in Figures 4.24-4.28. Again most 
of these specimens showed intralaminar failure in LL, LT, RL (see Figure 4.24, 4.25, 
4.26). The WR and IR specimens seem to have failed by mixed mode, perhaps mostly 
interlaminar (see Figure 4.27, 4.28). Delamination was limited to the 10x10mm area. This 
was achieved by reducing the edge effect in the tensile specimens. Even though the failure 
mode in the tensile specimens was similar to shear specimens, the failure load in the tensile 
specimens was significantly lower than shear specimens. As seen from Table 4.2 the 
failure loads of the five fabric organisations had some variation. A likely reason, as 
discussed previously, is that tensile specimens are more sensitive to testing then shear 
specimens. The shear specimens have combined shear and transverse loading, which 
reduce the effect of transverse stresses on composite, whilst tensile specimens are 
dominated by transverse loading only. 
 
Figure 4.24: Intralaminar fracture mode of LL specimen 
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Figure 4.25: Intralaminar fracture mode of LT specimen 
 
 
Figure 4.26: Intralaminar fracture mode of RL specimen 
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Figure 4.27: Interlaminar fracture mode of WR specimen 
 
 
 
        Figure 4.28: Interlaminar fracture mode of IR tensile specimen 
                                                                                                                                                                              
                                                                       Chapter 4: Experimental Programme (Meso laminate) 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       100 
 
4.5 Microscopic investigation 
Following on from the experimental work, microscopic investigations were utilised to gain 
a better understanding of how the specimens failed. They aimed to examine the possibility 
of any voids or any other defect that may have caused premature failure in some of the 
specimens.  
Firstly the surface topology of the coated specimens was examined in order to see if it had 
filled in any surface flaws on the GFRP specimens.  The images in Figure 4.29 show the 
effects of the surface coating.  As seen from the figure, the coated specimen is 
homogenous and the surface topology is smooth. However Figure 4.29c shows small air 
bubbles trapped on the surface. 
 
Figure 4.29: Microscopic images: a). before, b) after the application of epoxy coating, c). 
air bubbles on coating surface 
On the other hand, although the coating was aimed at filling any surface flaws, there was 
no doubt that each GFRP specimen would not be free of sub-surface flaws which may have 
a more damaging affect.  As a consequence, it was important to examine both the cured 
laminate and the fractured samples under the microscope. This helped to investigate to 
what extent these sub-surface flaws have contributed to the brittle fracture of the 
specimens. 
The microscopic image shown in Figure 4.30 is the polished section cut from the cured LL 
laminate before fracture. The figure shows the presence of voids/micro-defects in pseudo 
GFRP composites. The highlighted circle indicates void, rectangles are resin rich areas and 
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ovals are defects. It can be deduced that the sizes of these voids are quite significant when 
compared to the size of a single filament. In addition, there are resin rich areas which 
signify irregular packing of the fibres. The oval in Figure 4.31 indicates another kind of 
voids around the fibres. Figure 4.32 shows typical failure in laminate. These failure modes 
are influenced by voids/micro defects within the fibre/matrix interface as shown in Figure 
4.31.  
 
Figure 4.30: Microscopic image of cross section through the thickness of LL laminate 
 
Figure 4.31: Closer microscopic image of cross section through the thickness of LL 
laminate 
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Figure 4.32: Fracture mode within laminate 
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4.6 Macro-scale DLS joints 
4.6.1 Production of specimens 
A DLS joint was bonded and tested. Figure 4.33 shows the details of the joint. The inner 
adherend is based on pultrusion provided by Exel Composite Ltd. 
 
Figure 4.33: Geometry of DLS hybrid joint 
A composite section  with a ’dog bone shape’ profile, of dimension 25mm wide and 5mm 
thick (see Figure 4.34 and 4.35) was provided by the manufacturer. These sections were 
then machined to a uniform thickness, removing the surface veil and continuous strand mat 
to leave unidirectional fibres. This also removed the mould release agent.  
 
Figure 4.34: Composite material section             Figure 4.35: Composite material pre- 
                                                                                 machining 
The final thickness of the uni-directional composite strips was 3mm. The uni-directional 
GFRP adherends were then cut to the required length using a parallel mounted diamond 
impregnated circular saw blade mounted in a horizontal axis-milling machine. The method 
adopted for coating the macro-scale joint was the same, as the method used for the meso-
scale joint (see section 4.2.3). Aspects of the coating are shown in Figure 4.36. The 
thickness of the composite was measured before and after coating, and the average 
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thickness of coating was 0.144mm with a standard deviation of 0.035mm. The exact 
thickness of each specimen is tabulated in Table 4.3. 
 
Table 4.3: Summary of experimental results of DLS joint 
 
Figure 4.36: Aspects of resin coating: a) preparation, b) resin application, 
c). cured adherend 
The adhesive bonding procedure of the macro-scale DLS joint was exactly the same as the 
meso-scale joint. The surface preparation procedure was well explained in section 4.2.4.2. 
The steel surface was prepared by grit blasting and degreasing.  Following the application 
of the adhesive, the joints were assembled in a specially designed jig, namely macro 
bonding jig, in Appendix B.5 (See Appendix B.5.1), taking care to ensure good alignment. 
A clamping force was applied to four test specimens. This ensured the adhesive was 
distributed evenly and at a constant thickness. The joints were continually realigned during 
this clamping procedure.             
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4.6.2. Testing and failure examination 
The mechanical testing was carried out using a Zwick/Roell Z250 tensile testing machine 
under a constant cross head speed of 0.5mm/min at ambient temperature.  Figure 4.37 
shows the test results for four specimens, with small variation in failure load. The average 
failure load is about 20kN. The examination of the failure surface in Figure 4.38 indicates 
adherend failure at subsurface the (just below the coating) – similar to failure in LL meso-
scale shear joints in section 4.4. 
 
Figure 4.37: Failure load Vs extension curve of DLS joint 
 
                                                                                                                                                                              
                                                                       Chapter 4: Experimental Programme (Meso laminate) 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       106 
 
 
Figure 4.38: Failure of DLS joint 
Figure 4.39 shows the microscopic images of polished sections cut from the manufacturer 
pultruded composite. These show defects and their level including voids (highlighted in 
circle), resin rich areas (highlighted in ovals) and defects in rectangles. It can be deduced 
from the figure that the level of voids/micro defects is comparable with the pseudo 
pultruded composite made in a laboratory.  
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Figure 4.39: Microscopic images of cross sections through the thickness of manufacturer 
pultrusion 
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Chapter 5 
 
Finite Element Analysis 
 
 
 
5.1 Introduction 
The chapter deals with the multi-scale modelling of pultruded joints at macro, meso and 
micro-scale levels. The main focus, however, is on modelling of the meso-scale bonded 
laminates discussed in the previous chapter taking into account their through thickness 
materials i.e. adhesive, coating resin, impregnated glass fabric and interlaminar matrix 
resin. The main aim of the modelling is to determine the critical stresses, especially 
transverse/peel at meso-scale level under tensile and shear failure loads. This is in order to 
better understand failure within standard DLS joints, which was supported by limited 
analysis using both macro and micro-scale models. The macro-scale model is based on a 
standard DLS joint and the micro-scale model is based on a single filament - matrix resin 
interface under transverse loading. The micro-model also includes the effects of void/micro 
defects at the interface and loading mechanism on the filament. The chapter presents and 
compares all the FEA results. 
5.2 Introduction to finite element analysis 
Finite element analysis (FEA) is an excellent way to determine the stress distributions and 
failure in adhesive joints. Significant studies [153-156] on adhesive joints encourage the 
use of FEA to observe the behaviour of adhesive joints and compared with the results, 
which are obtained experimentally or analytically. In this research FEA models were 
constructed in Abaqus/CAE Version 6.7-1. The descriptions of Abaqus/CAE application 
are given in Appendix C. 
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5.3 Meso-scale models 
This section will introduce the modelling of the meso-scale laminate and joints by 
considering the various fabric organisations through laminate thickness to determine local 
failure stresses that are expected in DLS joints. The properties of these materials are given 
in Table 5.1, which includes data from manufacturers, mechanical testing and calculation 
methods. Details are in Chapter 3.  
 
Table 5.1: Materials properties 
 
The FEA models assumed orthotropic properties for the GFRP, elastic-full plastic 
properties for the adhesive and elastic properties for the brittle vinyl ester and epoxy resins. 
As discussed earlier, the small laminates were modeled with various fabric organisations 
namely LL, LT, RL, WR and IR. Brief descriptions (again) of these fabric arrangements 
are as follows: 
• LL: - Two UD rovings mat (4800Tex) stacked at 0-direction i.e. along the 
loading direction (x-axis) 
• LT: - Two UD rovings mat stacked at 0/90o bi-direction. Same roving size used 
in LL (4800Tex) 
• RL: - A random mat stacked on the top of UD mat at 0-direction (4800Tex 
rovings) 
• WR: - A 0/90 woven rovings mat (3600Tex) stacked on the top of a random 
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mat 
• IR: - A 0/90 inlaid (non-crimp) rovings mat (3600Tex) stacked on the top of a 
random mat. 
5.3.1 Shear models 
 
The shear models (and specimens) are based on the thick adherend shear test (TAST) 
configuration as shown in Figure 5.1. The figure highlights the details of the five shear 
models as well as the dimensions of multi-layers in the meso-scale laminate, along with the 
assigned boundary conditions.   
The 2-D models include the through thickness materials i.e. adhesive, coating resin, matrix 
resin, and impregnated roving. The impregnated roving was based on a vinyl ester resin 
system, reinforced with E-glass rovings and mat (see Table 5.1). The load was taken to be 
the failure load which was obtained experimentally. There was no symmetry in the shear 
models, so the boundary conditions were applied on the full shear models (see Figure 5.1). 
The boundary conditions at the edges signify the clamping mechanisms, restraining the 
aluminium from displacing in the ‘y’ direction. Also Figure 5.1 shows the location of the 
PTFE sheet that was applied in the experimental analysis. This is simply modelled as a gap 
with the corresponding thickness of the sheet. As aforementioned, this was to prevent any 
adhesion occurring around the edges of the laminate and to ensure adhesion only occurred 
in the designated 10 x 10mm area. 
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Figure 5.1: Schematic showing the location of fabric arrangements in shear model with 
detail dimension and boundary conditions (not to scale) 
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Figure 5.2 shows contours of transverse stress S22 produced from the analysis of a shear 
model and highlights that adhesion only occurred in the designated 10 x 10mm area. This 
also shows absence of any edge effects in the laminate, as intended in the experiments.  
 
Figure 5.2: Typical FEA transverse stress contour for shear model 
 
The adhesive bondline thickness was modelled at 0.2mm and the coating resin was 
modelled at 0.1mm. The adhesive and the resin were divided into two elements to allow 
for determination of through thickness stresses. Mesh sizing is quite important in FEA and 
the optimisation was obtained when no significant difference was noticed in the load-
displacement curve with progressive load of the models. Element aspects ratio of 1:10 to 
1:2 were considered for the mesh nearer the model edges. The final mesh was based on a 
minimum ratio of 1:5. 
5.3.2 Tensile models 
This section aims to discuss the tensile models, which was aimed at simulating the tensile 
test performed in section 4.3 (see Chapter 4). The details of the tensile models are the same 
of those used in the shear models except for loading and boundary conditions. Figure 5.3 
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gives the basic dimensions of the models, along with the assigned boundary conditions. 
The figure also shows the various fabric configurations that were considered as a surface 
layer. These are used to examine the effects of altering the fabric arrangements on through 
thickness failure stresses. The classification of each layer is mentioned in section 5.3. The 
dimensions and materials’ properties of the tensile FEA models are the same ones which 
were used in the shear models. The 2-D models used 8-node plane strain quadrilateral, 
reduced integration element type CPE8R. Each node has two degrees of freedom in the x 
and y directions.  
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Figure 5.3: Schematic showing the location of fabric arrangements in tensile model with 
detail dimension and boundary conditions (not to scale) 
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For further details on the tensile model, Figure 5.4 shows a quarter of the tensile model 
with the boundary conditions applied. The boundary conditions applied along section C-C 
imply that this bottom edge was constrained in the X-Y plane. This was designed to 
simulate the effect of the clamping within the jaws on the Zwick testing machine. The 
boundary conditions applied along section A-A to restrict any movement in the x- direction 
which ensured that the analysis was purely tensile. As stated previously, the different 
failure loads were obtained with various fabric arrangements tensile models through the 
experimental testing.  Such loads were applied on these numerical models to examine how 
the stresses varied throughout each of the above constituent layers.  
 
Figure 5.4: Tensile model with quarter FE model showing layers sequences in laminate and 
symmetrical boundary conditions (not to scale) 
 
The adhesive bondline thickness was modelled at 0.2mm and the coating resin was 
modelled at 0.1mm whilst the thickness of the impregnated roving was modelled at 0.5mm. 
The adhesive and the resin were divided into two elements and the roving into four 
elements to allow determination of through thickness stresses as illustrated in Figure 5.6. 
Figure 5.5, shows typical FEA contours of transverse stress of a tensile model, which 
shows a critical stress region. Again, the figure shows absence of any edge effects in the 
laminate, as intended in the experiments.  
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Figure 5.5: Typical FEA maximum transverse stress contour for tensile model 
 
The figure highlights transverse stress regions where the load was applied through the 
upper aluminium adherend.  Hence the FEA contours validate the expectations of high 
transverse and shear stresses at the edges of the bonding joint (not to the edges of 
composite). In addition, the layers immediately adjacent to this region will obviously be 
highly affected and delamination would be highly possible. In the tensile models, both left 
and right, edges behave in a similar manner, so failure can initiate at either edge. These 
contours shows that the transverse stresses are being distributed evenly throughout each 
layer and failure would be likely to occur within this region. In general since the FEA 
contours do not provide a complete understanding of failure initiation all layers were 
checked individually especially in multi layered materials.  
5.3.3 Critical stress locations and failure 
Figures 5.6 and 5.7 show critical stress locations for failure initiation for the shear and 
tensile models, respectively. These locations are as follows: 
• location 1: interface of the adhesive with the resin coating 
• location 2: laminate top surface; within the top 0.05mm just below the epoxy 
coating 
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• location 3: interlaminar location at about 0.6 mm below the surface, i.e. in the 
matrix resin between the two composite layers.   
Locations 2 and 3 are considered more critical after microscopic examination of fracture 
specimens. 
The fracture surfaces of the laminates within the bonded specimens suggest three 
possibilities of failure modes, which are as follows:- 
• intralaminar transverse (out-of-plane or peel) failure within the laminate 
surface/immediate subsurface just below the coating resin layer. This is referred 
to as transverse failure  
• interlaminar transverse and shear failure at the resin separating the two 
layers/plies. This is referred to as interlaminar failure 
• longitudinal tensile failure along the laminate. This is may be limited to WR 
and RL shear specimens.    
The stresses are taken at a prescribed distance of 0.05mm from the point of singularity, 
especially for adhesive at location 1. This nominal distance is used for both the meso and 
macro-scale model to obtain comparative stress values.  The designations of stresses are as 
follows: 
• S11 presents the longitudinal stresses, along X-axis (Abaqus coordinate 1) 
• S22 presents the transverse stresses, along Y-axis. (Abaqus coordinate 2) 
• S12 presents the shear stresses, in the X-Y plane (Abaqus plane 1-2). 
These stresses will be used in conjunction with the locations 1, 2 and 3, for examples as 
follows:- 
• S22/1 refers to peel/transverse stress in location 1 (adhesive) 
• S12/2 refers to shear stress in location 2 (near composite surface) 
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• S22/3 refers to transverse (peel) stress in location 3 interlaminar within the 
composite at matrix resin. 
The failure criteria for the laminates are based either on Maximum Stress Theory or criteria 
for failure initiation. These are explained in section 6.3.  Therefore two indices are 
considered here and as follows:- 
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Figure 5.6: Shear model: a), FEA meshed model, b). critical stress locations 
at different interfaces within the laminate 
 
 
 
Figure 5.7: Tensile model: a), FEA meshed model, b). critical stress locations 
at different interfaces within the laminate 
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5.3.4 Numerical results 
Numerical results of both shear and tensile FEA models are presented in this section. As 
discussed in last section, five different fabric organisations namely LL, LT, RL, WR and 
IR were used in both shear and tensile models. Significant variations in failure loads were 
observed between the shear and tensile models. The next two sections give the details of 
the stresses through the thickness of the laminates at failure load for all shear and tensile 
models. Good correlation was found between FEA and experimental results for the LL 
shear model/specimen. Figure 5.8 shows a good agreement between FEA and experimental 
load-displacement curves. The FEA curve seems to have the same load extension relation 
with the experimental up to displacement of 0.8mm. A difference in displacement to 
failure is about 20%. 
 
Figure 5.8: Load-extension curve of experimental and FEA results 
of meso-scale LL shear model 
5.3.4.1 Shear models results 
The shear models were designed to show the effect of combined shear and tensile loading 
on through thickness failure stresses in small laminate. The aluminium adherends 
sandwiching the laminate are actually moving in opposite directions. This creates a 
bending moment as well as shear traction loading at the right free edge of the joint as 
illustrated in Figure 5.2. These combined loadings cause through thickness failure stresses 
in the laminate.  The stress distributions in shear models for the five fabric arrangements 
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are shown in Figures 5.9-5.13. The various stresses correspond to failure load (from 
experiments of the joints) are given along the joint/laminate. The max transverse (S22/2) 
stresses in the composite nearer the edge of the joint, especially at location 2, seem to be 
the most critical values in relation to the strength of the composite. The transverse stresses 
(S22/1), in adhesive, are consistently high for all models (LL, LT, RL, WR and IR). 
However, the adhesive failure could not occur because stress values are within the elastic 
limit of the adhesive (40MPa). Also the shear stresses (S12/2, S12/3) at locations 2 and 3 
are low and considerably safe as compared to the corresponding transverse stresses.  
 
Figure 5.9: Stress distributions in LL shear model (see section 5.3.3) 
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Figure 5.10: Stress distributions in LT shear model (see section 5.3.3) 
 
 
 
Figure 5.11: Stress distributions in RL shear model (see section 5.3.3) 
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Figure 5.12: Stress distributions in WR shear model (see section 5.3.3) 
 
 
Figure 5.13: Stress distributions in IR shear model (see section 5.3.3) 
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Summary and failure criteria in shear models 
Table 5.2 gives the summary of maximum stresses at critical locations together with failure 
loads, failure indices and failure modes (see section 5.3.3).The underlined stress values 
indicate that failure could have taken place as a result of these stresses. The underlined 
values for the LL model indicate the possibility of either transverse failure (intralaminar at 
location 2) or interlaminar failure (at location 3). However, the transverse failure could be 
more dominant. Similarly, due to transverse stresses, the nature of failure in LT model is 
transverse at a few filaments deep. In addition, the RL model has the possibility of 
transverse and/ tensile failure (longitudinal) at location 2. Likely reasons for this are poor 
transverse and tensile/longitudinal strength of the random mat, as shown in Table 5.2. The 
WR model shows all the possibilities of failure but the interlaminar failure is likely due to 
the crimped nature of woven fabric which could compromise the resin strength in location 
3. Finally, the IR model has possibility of both transverse and interlaminar failure. Perhaps 
the interlaminar failure occurs due to higher transverse stresses at location 3 (S22/2).Other 
details on these results are discussed in Chapter 6.  
 
Table 5.2: Summary of failure loads and maximum stresses in various shear models  
( see section 5.3.3.) 
The table shows that failure index 1 seems to give higher values in LL, LT, RL, and WR, 
which again suggests that failure is largely governed by the transverse stresses in location 
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2. Failure index 2 seems to give a higher value in IR model, suggesting the possibility of 
interlaminar failure in location 3, i.e. in the resin between rovings.  
Final summary points are as follows:- 
• LL provides a higher strength than the LT and RL fabric organisation. LL 
exhibited double the tensile strength than LT and RL model. LL could even 
produce a higher joint strength should a thinner roving (smaller Tex) be used 
• RL fabric arrangement has significantly lower failure load than other models. The 
possible reason is the poor longitudinal and transverse strength of random fabric  
• strength improvement of IR model over RL, LL, LT and WR are about 62%, 
10%, 26% and 18% respectively. The reason for this improvement is the UD 
roving used as surface layer along the loading direction and it is based on smaller 
Tex 
• LL, LT, RL resulted in a higher strength scatter in comparison to WR and IR 
fabric arrangements and this is perhaps due to high void defects associated with 
the higher Tex 
• index 1 in LL, LT, RL, WR models seems more dominating for laminates 
transverse failure and index 2 is dominating in IR model shows interlaminate 
failure. 
5.3.4.2  Tensile models results 
The specimen and hence laminates are subjected to pure tension which induces direct 
tensile/transverse stresses into the laminates, especially nearer the edges of the joint. The 
stress distributions at the critical locations for the various models are shown in Figures 
5.14-5.18. The distance along the joint is taken along the x-axis of the bonded 
specimen/model, as shown in Figure 5.7a.  .The stresses at location 1, 2 and 3 (see section 
5.3.3) are taken at the corresponding nodes along the 10mm distance. The node stresses 
were extracted longitudinally along this region for each layer of the laminate.  The 
transverse stresses (S22/1) in the adhesive are the highest for all models, but these are well 
within the elastic limit of the adhesive (40MPa). However, transverse stresses S22/2 and 
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S22/3 (below the adhesive) remain the most critical and therefore both transverse and 
interlaminar failure are possible. The shear stresses are negligible. In addition the failure 
stresses here are considerably lower that the equivalent cases for the shear model. This will 
be discussed in Chapter 6. 
 
Figure 5.14: Stress distributions in LL tensile model (see section 5.3.3) 
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Figure 5.15: Stress distributions in LT tensile model (see section 5.3.3) 
 
 
 
Figure 5.16: Stress distributions in RL tensile model (see section 5.3.3) 
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Figure 5.17: Stress distributions in WR tensile model (see section 5.3.3) 
 
 
 
Figure 5.18: Stress distributions in IR tensile model (see section 5.3.3) 
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Summary and failure criteria for tensile model 
Table 5.3 gives the summary of FEA results of the maximum stresses and failure loads for 
various tensile models. Although the failure initiation and trend at each fabric arrangement 
in the tensile model are similar to the shear model, failure load was comparatively lower. 
The details of failure possibilities mentioned in Table 5.3 are given in Section 5.3.3. 
 
Table 5.3: Summary of failure loads and maximum stresses in various tensile models 
Again, underlined values represent the critical stress values obtained from FEA at specific 
locations, which may cause failure. According to these values, the probable nature of 
failure in LT and RL models was transverse. Similarly there are possibilities of both 
transverse and interlaminar failure in the LL model. But again the transverse failure could 
be dominating. The failure load for the RL model was significantly lower than other 
models and likely reasons for this are the poor longitudinal and transverse strength of the 
random mat. Other details are given in the discussion chapter. 
As mentioned earlier, the tensile model is more sensitive to loading than the shear model 
and a possible reason for this is the difference in the nature of loading. Shear models have 
combined shear and transverse loading on laminate, which could suppress the transverse 
component that appeared at the edge. On the other hand, the tensile model is subjected to 
pure tension which places the fabric under direct transverse stresses. Further explanation 
for difference is given in the micro-scale model (see section 5.5.1).  
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Failure index 1 seems to give higher values for LL, LT, RL and WR models, which may 
suggest intralaminar failure due to transverse stresses. Whilst the failure index 2 seems to 
give higher value in the IR model, suggesting that failure might occur at interlaminar 
location between two composite layers. 
Final summary points for the tensile models are as follows:- 
• LL provides more strength than the LT and RL fabric arrangements. The LL 
could even produce a higher joint strength should a thinner roving (smaller 
Tex) be used 
• RL fabric organisation has significantly lower failure load than other models. 
Possible reasons are poor longitudinal and transverse strength of random 
fabric. Other possibilities are given in discussion chapter 
• IR fabric organisation  has higher strength than the woven with random mat 
WR 
• the improvement of IR over LL, LT and WR is about 28% and the 
improvement of IR over RL is about 44%. The tensile is possibly less 
sensitive to the roving orientation but more so for the random fabric 
• LL, LT and RL resulted in a higher strength scatter in comparison to WR and 
IR fabric arrangements and this is perhaps due to high void defects associated 
with the large Tex 
• index 1 for LL, LT, RL and WR models seems more dominating and shows 
Interlaminar failure. Index 2 is dominating in IR model shows laminate 
interlaminate failure. 
• the tensile models failed at considerably lower stresses in comparison with the 
shear equivalent. 
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5.4 Macro-scale model 
Figure 5.19 shows the DLS joint and 2-D FEA model. The figure also gives details of 
constituent materials.  The inner adherend is based on a pultrusion which has the same 
properties of the LL laminates and the outer adherend is based on mild steel. Both the steel 
and adhesive were modelled as elasto-plastic isotropic material and the composite was 
modelled as an orthotropic material. The load was taken to be the failure load which was 
observed experimentally. The 2-D models used 8-node plane strain quadrilateral, reduced 
integration element type CPE8R. The element chosen for the mesh enabled a finer mesh to 
form around deformed edges due to these elements deforming better under bending than 
other types of elements. 
 
 
Figure 5.19: FEA model of DLS joint with all possible dimensions and symmetrical 
boundary conditions (not to scale) 
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In order to reduce computation time, and to simplify the model, symmetry was used. It is 
possible to model the double lap strap joint as a quarter model as in Figure 5.19, taking 
care to set the correct boundary conditions. The tensile load was applied as a stress to the 
left hand side of the model. The lower edge of the model is constrained in the y-direction, 
as the composite inner adherend has been split down the middle. The steel outer adherend 
is fixed in the x-direction to symbolise that it is one continuous piece of steel. The full 
tensile load should be transmitted through the steel outer adherend. A detailed mesh was 
assigned to the FEA model. As discussed earlier, failure occurs at the edges of the 
adherend and high stresses occur in both the adhesive and the composite and this leads to 
the biased mesh as shown in Figure 5.20. 
 
A fine mesh is important as Abaqus calculates the stresses at Gauss points, and then 
extrapolates these stresses back to the nodes. It is therefore necessary to have a high 
density of elements in areas of interest. This gives a much more accurate indication of the 
actual stresses. A detailed view of the mesh is in Figure 5.20. 
The smallest element in Figure 5.20 is 0.1mm. The bias doubles in size from 0.1—0.2—
0.4—0.8—1.6—3.2 and then the elements continue at a constant length of 3.2mm for the 
remainder of the model. In the vertical direction, the outer steel adherend has 4 elements of 
equal heights, the adhesive has 5 elements of equal heights and the inner composite 
adherend has an element 0.1mm below the surface, then 0.8mm below the surface. The 
importance of this mesh is to analyse the stresses in the adhesive and the stresses 
immediately subsurface in the composite.  
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Figure 5.20: FEA quarter meshed model of DLS joint 
5.4.1 Critical stress location and failure 
Three critical locations named locations 1, 2 and 3 were suggested for the DLS model, just 
like the meso-scale models. These locations are shown in Figure 5.21 are as follows: 
• location 1: interface of adhesive with coating resin 
• location 2: laminate top surface; within the top 0.05mm just below the epoxy 
coating 
• location 3: interlaminar location at about 0.6mm below the surface of the 
composite.   
Locations 2 and 3 are considered more critical after microscopic examination of fracture 
specimens. In addition the modes of failure and failure indices are the same used for the 
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meso-scale models. 
 
Figure 5.21: Possible failure initiation location in pultruded DLS joint 
 
5.4.2. Numerical results 
The DLS model was loaded with its corresponding mechanical failure load. To plot stress 
vs. displacement curves, every node was selected. This allowed stress and strain data to be 
taken along paths created at critical stress locations, which are mentioned in Figure 5.21. 
Both the shear and transverse stresses of the adhesive and composite were examined as 
these stresses are often the primary cause of the failure in pultruded bonded joints. 
 
Figure 5.22:  FEA results of DLS model: 
transverse (S22) and shear (S12) stresses at critical location ( see Figure 5.21) 
The model has the possibility of both transverse and interlaminar failure as seen in Figure 
5.22. However transverse failure at location 2 proceeds further towards final failure, 
because the transverse stresses (S22/2) at location 2 were higher than (S22/3) at location 3. 
The microscopic image of the DLS model/joint in chapter 4 (see section 4.6.2 …. Figure 
4.38) shows failure in a DLS joint. Figure 5.22 shows that the transverse stresses (S22/1) in 
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adhesive were high, but the stress value was in elastic limit of adhesive (40MPa).  
Summary and failure criteria for DLS 
Table 5.4 gives the summary of FEA results about the maximum stresses and failure loads 
of the DLS model.  The details of failure possibilities mentioned in Table 5.4 are given in 
section 5.3.3. All the stresses in Table 5.4 were taken at 0.05mm offset from the edge to 
overcome the stress singularity effect. 
 
Table 5.4: FEA results summary of failure loads and maximum stresses in 
DLS models 
 
Underlined values in Table 5.4 represent the critical stress values.  It is probable that the 
nature of failure in the DLS model was intralaminar, at few filaments deep at top 
surface/immediate subsurface of composite. The transverse (S22/2) stress is higher than the 
strength (see Table 5.4). The strong interface at the surface shifts the failure a few 
filaments deep below the composite surface. Other reasons will be discussed later in 
Chapter 6. The adhesive was not considered as the transverse stresses were below 40MPa.  
Finally, failure index 1 for this model shows a higher value, therefore suggesting that 
failure would take place at composite subsurface due to transverse stresses.  Other possible 
failure criterion in this case is Tsai-Hill, which will be discussed in Chapter 6. 
5.5 Micro-scale models 
The macro and meso-scale models help to determine the average failure stresses but they 
will not be able to quantify an in-depth failure scenario in a single fibre/matrix interface. 
Based on above observations, mostly macro and meso-scale specimens (shear/tensile) have 
failed at the composite surface or immediate subsurface a few filaments deep. This failure 
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occurs for three reasons: 
• strong interface with surface coating 
• significant voids contents in composite 
• fibre/matrix weak interface with voids around the fibre. 
To further explore this intralaminar (transverse) failure, the modelling approach was 
extended to a micro-scale level to determine actual transverse stresses at fibre-matrix 
interfaces. Two micro-scale FEA models are simulated here to reveal that the failure in the 
composite adherend is ultimately governed by transverse stresses at filament-matrix 
interface level. 
5.5.1 Single filament models 
Two 2-D micro-scale models were constructed in Abaqus as shown in Figures 5.23 and 
5.24. The models used an 8-node plane strain quadrilateral, reduced integration (CPE8R) 
element type. Both models are constructed with a single glass filament (16µm dia.) and 
interfacing matrix resin. Different sizes/lengths, voids/defects up to 10µm were considered, 
as observed from the microscopic examinations including SEM. The first model applies a 
constant transverse loading and symmetry boundary conditions on surrounding resin, are 
shown in Figure 5.23. The load applied at the filament is based on the transverse failure 
stress of the composite adherend which is about 25MPa. The micro-scale model also 
allows for the inclusion of cavitations (voids) or a change of filament diameters. 
The second model was similarly based on a single filament-matrix interface under 
combined loading (longitudinal/transverse), rather than single loading (transverse) like in a 
micro-scale first model as shown in Figure 5.24. This aims to explain the effect of 
combined longitudinal/transverse loadings of filament on the level of transverse stress in 
the matrix beneath it. This mechanism represents aspects of the DLS joint’s behaviour 
where UD (LL) top fabric is used. The fibre within the top fabric will be loaded in tension 
(F1), while the adhesive introduces the transverse forces (F2).  A loading range of 0 to 50N 
was considered for F1 and 0.5-1.5N for F2. 
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Figure 5.23: Single filament/matrix model under constant transverse loading with 
symmetric boundary conditions on matrix 
 
 
 
 
 
Figure 5.24: Single filament/matrix model under constant transverse with varying 
longitudinal loading 
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5.5.2 Numerical results 
The resin transverse stresses at the filament-matrix interface are shown in Figures 5.25 and 
5.26 for first and second models, respectively. The stresses in first model are much higher 
than the equivalent stresses in the standard DLS or meso-scale models. The micro-scale 
model explains why the transverse stresses within the matrix could be very significant and 
comparable with the manufacturer quoted value for the resin (90MPa), which was 
mentioned in Section 5.3, Table 5.1. Realistically, the apparent transverse strength of the 
UD laminates here is about 20-22MPa as quoted by pultrusion manufacturers and obtained 
from a laboratory test. The main reasons for such a large difference are the lack of ideal 
alignment in the transverse direction and the fibre/matrix interfaces flaws including voids. 
 
Figure 5.25: Single filament/matrix model:  effect of void size with 
 different fibre diameter on transverse stress 
So FEA micro-scale models were constructed which included two single filament models 
with different diameters (10µm and 16µm ) and interfacing matrix resin with the different 
lengths defects/voids i.e. (up to 10µm) observed from the microscopic examinations 
including SEM. The details of the single filament micro-scale models and the effect of 
different void sizes on transverse stresses around the single fibre are shown in Figure 5.25. 
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The figure shows the transverse stress as a function of voids length with 16µm dia (single 
filament diameter) and the same trend was observed with 10µm. Stress level is become 
high about 15% when single filament diameter trim down from 16 to 10µm.The load 
applied at the filament based on transverse failure stress of the composite adherend which 
is 25MPa in this case. The figure also shows the transverse stress response in composites at 
micro-scale level at different void sizes at the most critical locations. In fact this explains 
that the transverse stress within the matrix could be very significant (about 88MPa). This 
stress is within the bulk vinyl ester strength provided by the manufacturer (90MPa). It is 
clear that void defect can easily take the relatively low transverse stress (from macro and 
meso-scale models) into a much higher/actual value. In fact the micro-scale modelling is 
the way forward to determine the actual failure stress in bonded composite joints and will 
also enable adhesion improvement.  
The second model is based on a single fibre-resin interface where the filament/fibre is 
subjected to combined tensile and transverse loadings. This aims to explain the effect of 
combined longitudinal/transverse loadings of filament on the level of transverse stress in 
the matrix beneath it. This mechanism represents aspects of DLS joints behaviour where 
LL top fabric is used. The top fabric will be loaded in tension (F1) while the adhesive 
introduces the peeling forces (F2).  A nominal loading range of 0 to 50N was considered 
for F1 and 0.5-1.5N was considered for F1.  
The analysis shows that the F1 forces suppress the transverse stresses/forces, as illustrated 
in Figure 5.26. This finding helps to explain the reason for the lack of correlation between 
tension and shear meso-scale models with reference to failure load and  transverse stresses 
at composite surface/immediate surface S22/2
 
( see Table 5.2 and Table 5.3), especially at 
LL fabric arrangements. The former does not exhibit significant tensile loading along the 
top fabric layer. 
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Figure 5.26: Single filament/matrix model: stress distribution in resin 
 under combined tensile and shear loading. 
The micro-scale modelling is the way forward to determine the actual failure stresses and 
their locations in bonded composite joints. This will also enable adhesion improvement by 
explaining the mechanics of single fibre/resin failure under combined longitudinal and 
transverse loadings as well as the effect of voids at the interfaces. However, the major 
challenge here is devising an experimental technique to measure transverse strength at 
micro-scale level. 
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Chapter 6 
 
Discussion 
 
 
 
6.1 Properties of materials 
Several dog bone and butt joint specimens were made for the calculation of Young’s 
modulus and Poisson’s ratio of the adhesive. But due to their thixotropic nature, most of 
the specimens were discarded as air became trapped in many of them. The presence of 
even tiny air bubbles would cause a difference in results. Five out of ten specimens of bulk 
adhesive and butt joint specimens were selected for testing, those apparently bubble- free. 
Some of the results were also discarded due to high bubble contents, as this always 
compromises the failure strength and strain (see Figure A.3.2). The tests showed that the 
Young’s modulus and Poisson ratio values were in line with the manufacturer’s data. The 
Araldite 2015 is known to have elasto-plastic properties but this was not shown from the 
tests. This is partially to do with the quality of the cast as well as cure conditions. It is 
cured at the maximum recommended cure at 80oC rather than usual cure temperatures of 
25-40oC. Therefore it was important to produce elasto-plastic properties for the numerical 
analysis, using supplier data in conjunction with lab tests and engineering assumptions. 
The adhesive failed at 35MPa obtained from the butt joint lab test. Huntsman quoted 
42.5MPa and also mentioned the true failure stress of 30MPa with 0.044 strain. In order to 
calculate the strain at the adhesive failure load, the true curve was extrapolated to 40MPa. 
After interpolation in chapter 3 (see Section 3.4.3), the adhesive failure strain was 0.06 at 
40MPa. So the adhesive is in the elastic region between a strain of 0 and 0.022. After 0.022 
the adhesive is in the plastic region, until 0.06, where it fails. There are still contradictory 
views about adhesive properties in the literature.  
The fibre volume fraction obtained from the analytical approach (see section 3.3.1.2) is 
somewhat high but is acceptable, as the value is comparable with the manufacturer quoted 
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value (~ 60-65%). The mechanical properties of the pultruded composite were obtained 
using rule of mixtures [145], Tsai and Hahn equations [146] and the transversely isotropic 
materials assumption for better estimation. The mechanical properties obtained from 
calculations are quite comparable with the value obtained from the mechanical testing of 
the pultruded composite provided by Exel Composite Ltd. UK.  
The transverse strength properties of 20-23MPa, which were from the short test specimens, 
(see Figure 3.12 ) are somehow lower than what is normally quoted by the pultruders. 
They often quote a value of 50MPa but in a private discussion they agreed with the test 
results from this study.  In addition to the transverse strength, shear strength was also 
estimated from average test results for the shear specimens. This was also assumed to be 
20MPa.  The properties of the materials, especially the transverse strength of the 
composite, require a study on their own.  
It is common to use a burn off test to determine the fibre fraction of a composite. However 
in this research a more practical analytical approach was adopted. This was based on 
manual calculation of a fibre fraction in a single glass roving and meso scale laminate, both 
were impregnated in the laboratory. A difference of 1.8% was found between them.  
Details of the calculations are given in chapter 3 (see section 3.3.1). 
6.2 Pseudo pultrusion 
As discussed earlier, the composite moulding procedure was provided by Exel Composite 
Ltd. UK and a lot of attempts were made in the laboratory to achieve comparable 
laminates. The main challenge was to properly apply the materials and moulding 
conditions which were provided by the manufacturer. Both roving tension and compressive 
pressure play an important role in controlling the quality of the laminate. Roving 
tensioning reduces the possibility of fibre twisting and ensures a good alignment. The 
compressive pressure on rovings or mats (representing a closed-die condition) helps drain 
out the excess resin from the mould and consolidate the layers. Balanced pressure on 
roving/mat using an 10.5kg deadweight gave much better results than using a smaller 
weight (see Figure 3.3.c).  This resulted in smooth laminates with almost aligned fibres and 
minimum resin loss during the moulding operations. The moulding process was however 
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extremely difficult despite the guidance from the manufacturer. The specially designed 
mould helped to obtain:- 
• proper aligned fibres 
• correct fibre content 
• properly cured resin 
• no broken fibres 
• fully wetting of fibres 
• minimum voids, defects and areas of pre-delamination. 
The fibre volume fraction of up to 65% is somewhat high from a pultrusion point of view. 
This may be due to error in weighing a small amount of materials. This high proportion of 
fibre may further reduce the proportion of matrix resin in pultrusion due to pulling and 
compressive pressure on composite. This matrix resin reduction affects the surface leading 
to pinhole defects or exposure of fibre. This however, was eliminated by coating the 
surfaces with low viscosity epoxy resin coating to prompt adhesion. Figure 6.1 shows a 
laminate surface with a lack of matrix resin. 
 
Figure 6.1: Micrographs showing surface defects in GFRP laminate 
The microscopic examinations of a “pseudo pultruded” laminate and its equivalent 
pultruded composite (manufactured by Exel Composites Ltd. UK) show similar levels of 
micro defects and voids.  Both composites have the same constituent materials and mixing 
ratios.   As mentioned earlier, this final pseudo pultrusion was achieved after a trial and 
error process by following the manufacture’s guideline. Figure 6.2 shows a close 
comparison between the manufacturer and pseudo pultrusion. It gives a good indication of 
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the quality of the laboratory moulded laminates. 
 
Figure 6.2: Micrographs showing defects in GFRP laminates: 
a). manufactured pultrusion, b).  pseudo pultrusion 
Moulding attempts were made in an early stage and a lot of specimens were discarded due 
to poor quality, using visual examination. There are a number of reasons for the specimens 
rejection. These are: 
• a large amount of air being trapped in individual roving and also in between 
resin spaced layer between two rovings 
• uneven specimen surfaces and interlayer damage due to sticking to the mould 
despite the use of PTFE mould release material. If the composite section 
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sticks to the mould, then it could cause lengthwise inter-layer cracks in the 
composite.  To overcome this problem, the mould was chamfered at the edges 
to allow it to be separated by gently sliding two screwdrivers between the 
upper and lower mould 
• the thickness of laminate varied from one end to the other 
• some areas of cured composite are less translucent , indicating that some 
fibres have better wetting than others. 
As discussed earlier during the moulding process, maintaining the balance between the 
tensile and compression loading on the roving was quite challenging. Even little variation 
in such pressure could change the fibre/matrix proportion. Several specimens were 
discarded during balancing the right proportion between roving pulling and compression.  
Some important points about moulding pressure on pseudo laminates are as follows:  
• less roving pulling will increase the fibre volume fraction in laminate, 
because of curviness and twisting of fibres 
• loose fibre laminate have extra resin between fibres and which catch air 
bubbles during moulding (see Figure 6.3) 
• uneven fibre distribution due to loose fibres in laminate( see Figure 6.4) 
• extra pulling of the roving will drain out most of the resin and fibre appears 
on the laminate’s surface (see Figure 6.1). This may be covered with surface 
coating later on 
• extra pulling of the roving could cause delaminating at fibre/matrix interface 
and resin. This may also cause residual stresses 
• there is a high probability of internal fibre damage during extra pulling of the 
roving (see Figure 6.5). 
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Figure 6.3: Image showing air bubbles trapped in resin 
 
 
Figure 6.4: Image showing uneven fibre distribution 
 
 
Figure 6.5: Image showing the fibre damage with extra pulling force during moulding 
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6.3 Adhesive bonding 
Final bonding jigs were designed after the re-designing of early stage jigs for bonding of 
both macro and meso-scale joints. These jigs ensured proper adherends alignment and 
consistency of adhesive bondline thickness. These two issues could lead to a premature 
failure. Early stage bonding jigs required careful realignment during clamping. Figure 6.6 
shows defected shear and tensile specimens. 
As discussed earlier, shear and tensile bonding adherends were aluminium.  Aluminium 
surfaces are highly reactive leading to the formation of a thin oxide layer. This requires the 
time between grit-blasting and adhesive bonding to be very short, say less than one hour.  
The formation of an oxide layer causes adhesive failure as shown in Figure 6.7. 
Finally, the effect of coating the laminates with the low viscosity epoxy resin proved to be 
very effective as shown in Figure 4.10 (see Chapter 4) and this is in-line with the 
recommendation by Hashim [4]. 
 
Figure 6.6: Upper and lower adherend misalignment: a). shear, b). tensile specimen 
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Figure 6.7: Weak adhesive interface with aluminum adherend due to oxide layer 
6.4 Test results 
Table 4.1 and Figure 4.18 summaries the test results, which were obtained from 
experimental tests of the shear specimen, are given below: 
• the results demonstrate that the IR specimens exhibited the highest strength 
• the shear strength improvement of IR over RL, LL, LT and WR are about 62%, 
10%, 26% and 18% respectively. Perhaps using smaller Tex rovings as well as 
having UD fabric along the loading direction, in the case of IR, are the reasons  
for this improvement 
• although the standard deviations of failure load are relatively small, many 
specimens were discarded due to poor moulding at an early stage 
• the average tensile and shear strength in the laminates are obtained from 
dividing the failure load by the bond area or the delamination area beneath it.  
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Table 4.2 and Figure 4.18 show the following points, which were obtained from 
experimental tests of the tensile specimen: 
• the results demonstrate that the IR specimens exhibited the highest strength 
• the tensile strength improvement of IR over  LL, LT and WR is about 28% and 
the improvement of IR over RL is about 44%. The tensile failure  is perhaps 
less sensitive to the roving orientation but more so for the random fabric 
• although the standard deviations of failure load are relatively small, many 
specimens were discarded due to poor moulding at an early stage. 
A significant difference in failure load was found between shear and tensile testing results 
and possible reasons are as follows: 
• the tensile specimens are more sensitive to testing than the shear specimens. 
In the latter, both longitudinal and transverse combined loadings exist. The 
longitudinal loading may help to suppress the effect of transverse stresses. 
These are the main cause for the delamination process. The tensile specimens 
are dominated by the transverse loading and hence the low strength. This will 
be discussed further in section 6.9. 
• voids are perhaps more critical for tensile specimen than shear specimen. This 
is because, as stated earlier that when the composites are subjected to shear 
loading, some areas of the shear specimen would actually be under 
compression.  Compressive forces would actually close up any voids and 
hence the specimen would be more resilient to failure. 
The IR and WR specimens exhibited, lower failure load deviations than the LL, LT and RL 
specimens (see Figure 4.18). A likely reason is that the LL, LT and RL specimens are 
based on a larger roving (4800Tex) than the IR and WR specimens (3600Tex).  The RL 
exhibited low strength due to the low stiffness of strength of the random fabric. 
The tensile LT specimens failed at lower loads than LL specimens. This is perhaps 
unexpected considering that the through thickness stiffness is the same. However, having 
two rovings at 90degrees to each other could affect the resin impregnation during 
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moulding, hence weakening the interface between the two layers.  
From visual inspection of fractured specimens, it can be seen that failure 
(transverse/interlaminar/tensile…. see section 4.4) is taking place within the composite, but 
this is not always the case. A few specimens with adhesive failure were found and 
discarded. These specimens failed prematurely. Possible reasons for adhesive failure are as 
follows: 
• weaker  interface with the oxide layer on aluminum adherend (see Figure 6.7) 
• uneven adhesive bondline ( see Figure 6.8). 
 
Figure 6.8: Uneven adhesive bondline 
6.5 Modes of failure 
It is particularly difficult to identify bonded composite joint failure modes, but the 
American Standard [168]  gives the details for their identification and classification. Seven 
classes of failure are mentioned by the American Standard and these are mentioned in the 
literature review (see section 2.6). Some of the modes of failure that are likely to be present 
in this particular research are summarised below: 
• fibre tear failure (interlaminar): failure occurs with in the fibre reinforced 
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plastic (FRP) matrix 
• light fibre tear failure (intralaminar): failure occurs within the adherend near the    
surface, visible on the adhesive with few or no glass fibres 
• mixed mode failure: failure is the mixture of above both failures 
Examination of fracture joints can allow determination of the modes of failure that have 
occurred, although in some cases there may be evidence of more than one. In these cases, 
the mechanism of the failure is more difficult to establish. It is possible that more than one 
mechanism could have occurred simultaneously, but it is more likely that there was an 
initiating failure mode. The initial failure mode remains more important in this research, 
due to the use of small specimens.  
Limiting the bond area to 10mmx10mm was intended to eliminate laminate edge effects. It 
is more likely that failure was initiated from the right edge of the shear joint as it was 
aimed for from the design of the shear specimen. One may assume that the PTFE sheeting 
to the right-hand side of the joint (see Figure 5.2) forms a crack which contributes to 
failure, but this may not be the case, due to the relatively thick bond line (0.2mm). In 
addition, the free end of the upper aluminum adherend is not under load.  The failure 
surfaces for the macro and meso-scale specimens (see Figures 4.38 and 4.19) showed that 
the transverse adhesive stresses/loading govern the initiation of failure at the fibre-matrix 
interface, just below the laminate surface/immediate subsurface, especially in the presence 
of voids.   
The microscopic studies of the composite failure surface confirm the multi-defect nature of 
the bonded laminates, mainly due to the presence of voids and micro cracks (see section 
4.5, chapter 4). Figure 6.9 shows an edge view of a fractured shear specimen (LL) at 
different magnifications using SEM. It shows different loci of failure at micro-scale level 
and the reasons are: 
• failure due to embedded voids/micro defects in the resin 
• failure close to or at the fibre matrix interface due to weak interface.  
The images in Figure 6.9(a, b, c) indicate that both failures are dominated by resin 
weakness.  Residue of resin particles are left on the fibres as shown in Figure 6.9(d). 
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Figure 6.9: Scanning electron micrographs (SEM) transverse failure in GPRP laminates at 
different magnification after final rupture 
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6.6 Failure criteria 
Failure prediction requires complete understanding of failure initiation, growth and modes. 
Analytical methods have their own limitations in pultruded laminated composites due to 
their complex nature, convoluted boundary conditions and the combined effect of various 
failure modes.  Therefore finite element analysis (FEA) with a suitable failure criterion can 
be used for predicting the failure initiation of pultruded composite structures. Different 
failure criteria have been reported for joints in literature, e.g. Maximum Stress or Strain 
criteria, Tsai-Hill, Tsai-Wu and Hashin failure criteria etc (see Appendix D). The Keller-
Shear-Tensile interaction failure criterion is used for pultruded composites and this is 
based on the Hashin quadratic interactive ply-based failure criteria [157]. The problems of 
carrying out reasonable tests and the lack of reliable experimental data have made it 
difficult to resolve this issue [158].  
Out of all failure criteria which are mentioned above, the Hashin and Maximum stress 
failure criterion has been recommended for failure initiation through the thickness of 
pultruded composites. The transverse stresses at the composite surface and immediate 
subsurface remain critical to composites including pultrusions. Perhaps the Maximum 
Stress criterion is more relevant.  On the other hand, taking the interlaminar stress values, 
the Hashin criterion for matrix failure could also indicate failure initiation.   
Failure indices used in this research were used to examine failure through existing failure 
criterion. Index 1 is based on the Maximum Stress criteria for tension, using the following 
equation; 
                                                  
Coupled index 2 is based on the Hashin failure criteria for matrix failure in tension, using 
this equation;                        
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Other possible failure criterion for macro scale DLS joint is Tsai-Hill, which states that 
failure will occur within uni-directional laminae. Therefore by extracting the maximum 
S11, S22 and S12 values at location 2 and using them in equation 3 to observe the failure 
occur in uni-directional laminate. 
                            
 
The maximum stress approach is perhaps most suited for adhesive bonded composites, 
therefore the failure in the composite may be based on: 
• maximum peel stress of the adhesive as an indicator to composite transverse 
stress 
• maximum stress of the composite in a point very near to the point of 
singularity (material and geometrical singularities) 
• maximum stress over a small zone of the composite nearer the joint edge 
• the short specimens in this research, where brittle GFRP is used , may justify 
the maximum stress to compare the various specimens. 
6.7 Meso-scale modelling 
As discussed earlier the overall aim of these models is to develop a better understanding of 
the failure of pultruded composites, with reference to various fabric arrangements. Several 
attempts were made at mesh refinement during the modelling of the 2-D plane strain 
models, before settling on one meshing level for simulation convergence. Submodelling 
was not adopted in this research due to the size of model. In addition, a 3-D model 
approach was also used but this faced convergence problems at failure load. Possible 
reasons for this are the thin fabric layer and material properties. Extensive experimental 
work has been done in this research and future work should focus on further FEA analysis, 
including 3-D modelling of woven and inlaid fabric. This section attempts to give 
explanations for the different stresses at their corresponding locations for different shear 
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and tensile models. 
 6.7.1 Shear models 
As mentioned before, the shear specimens/joints were designed to ensure that failure 
initiates near the right-hand edge of the joints, as shown in Figure 6.10.   
 
Figure 6.10: FEA shear model: a). model geometry with LL laminate, b). contour plot in 
shear model showing critical location (transverse stress) 
 
Although high adhesive stresses appeared to the left-hand side, nearer the interface with 
the aluminum upper adherend, it was just within the strength and strain limits of the 
adhesive. 
The distributions of the shear and transverse stresses through the thickness of laminate 
section A-A for the shear model/joint are shown in Figure 6.11. The vertical section 
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includes the upper resin layer (see Figure 6.10b). As mentioned earlier that the transverse 
stresses was quite high at the resin as shown in Figure 6.11. However, the critical 
transverse stress is at about 0.05mm at the composite subsurface. This is believed to be the 
main cause of delamination.  
 
Figure 6.11: FEA results of stresses distributions through thickness of shear model 
 
Table 5.2 summarised the numerical result of shear models with reference to the maximum 
stresses nearer the edge at different locations. These values were taken at 0.05mm offset 
from the edge, just to avoid the peak stresses due to material and geometrical singularities. 
The underlined stress values suggest critical stresses taken through critical stress locations, 
which were shown in section 5.3.3 (see Figure 5.6). The table also gives the possibilities of 
joint failure.  
From that table, further remarks may be made: - 
• the level of transverse adhesive stresses S22/1 at joint failure remains within the 
elastic limit of the adhesive (below 40MPa) 
• the transverse composite stresses S22/2 at failure for all models at the surface 
(location 2) are in the range of 20-25MPa 
• the shear composite stresses S12/2 away from the edges for all models were 
also high but unlike S22/2 were less critical at the surface  
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• the possibility of both transverse and interlaminar failures exist in LL model. 
Using a large Tex roving perhaps leads to high voids content 
• again transverse failure at location 2 was observed in the LT model. Possible 
reasons are: 
  the higher transverse stresses (S22/2) at location 2  
 the bi-directional nature of the laminate 
 surface bonded roving based on a large Tex roving. There is also 
possibility of high population of voids  
• the possibilities of all failure modes (transverse/interlaminar/tensile) exist in the 
RL model, due to the random mat. However, transverse failure was dominating, 
as seen from the optical image in chapter 4 section 4.4.1 (see Figure 4.21). The 
reasons are as follows: 
 the transverse stresses at location 2 were high 
 random mat has a poor longitudinal and transverse strength 
• the WR model shows all possibilities of failure (transverse/interlaminar/tensile), 
but mostly interlaminar failure is expected. Although the transverse stresses 
(S22/2) at location 2 were higher, the failure shifted to the location 3. The 
crimped nature of woven fabric in terms of weft and wrap directions could be 
responsible for this. Perhaps this requires  3-D modelling for a  better 
understanding 
• the possibility of both (transverse/interlaminar) failure modes exist in IR model 
but interlaminar failure dominates. Although the transverse stresses (S22/2, 
S22/3) were almost the same. The possible reasons are as follows: 
 the top surface was made with an inlaid (0o/90o) mat,  based on small 
roving size (3600Tex). As discussed previously, low Tex could improve 
resin impregnation and reduce voids inclusion 
 the small size roving meant that tensile stress S11/2 was high which may 
have helped to suppress the transverse stresses S22/2 
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 the content of voids might have been  high at location 3, in between two 
composite layers, rather than top surface 
 optical images in chapter 4 section 4.4.1, Figure 4.23 present good  
picture of failure in an IR model. 
• failure index 1 seems to give higher values for LL, LT, RL, and WR, which 
may suggest, that the transverse failure would take place at location 2. Whilst 
failure index 2 seems to give a higher value for the IR model. This may suggest 
that interlaminar failure may occur at location 3 between two composite layers. 
6.7.2 Tensile models 
In the tensile models, transverse/peel stresses are high at both edges (left and right) just 
below the adhesive bondline as shown in the stress contour in Figure 6.12. Therefore the 
joint failure is expected to initiate due to high transverse/peel stress just below the well-
consolidated resin coating layer, a few filaments deep below the composite surface at 
location 2. The damage may also initiate at the interlaminar location between two 
composite layers, where is a resin-rich matrix layer parting two layers into the overlap 
region of the composite (location 3). The optical images of the tensile model in Figures 
4.24, 4.25 and 4.26, show transverse failure in most of the specimens. The delamination 
observed was thought to be caused by the weak fibre/matrix interface and presence of 
voids. Figures 4.27 and 4.28 show interlaminar failure and the delamination observed in 
matrix layer in between two composite layers due to the matrix strength in transverse 
direction and the presence of voids. 
 
                                                                                                                                                                              
                                                                                                                          Chapter 6: Discussion 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       159 
 
 
Figure 6.12: FEA tensile model: a). model geometry with LL laminate, b). contour plot in 
shear model showing critical location (transverse stress) 
The distributions of the transverse and shear stresses through the thickness (section A-A 
…. Figure 6.12b) for the LL tensile model are shown in Figure 6.13. Again the transverse 
stresses are quite high near the interfaces, just like in the case of the shear LL model, 
where the critical location is at about 0.05 mm below the composite surface.                  
 
Figure 6.13: FEA results of stresses distributions through thickness of tensile model 
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However, these stresses are significantly lower than those experienced by the LL shear 
model (Figure 6.11). The main difference is that the shear model displayed a significant 
S11/2 tensile stress along the fibres. As indicated before this stress component seems to 
suppress the transverse stress. This will be discussed in details in Section 6.9.  
Table 5.3 summarised the numerical result of tensile models with reference to maximum 
stresses nearer the edge at different locations. The underlined stress values suggest critical 
stresses taken through critical stress locations- these are shown in section 5.3.3 (see Figure 
5.7). The table also gives the possibilities of joint failure. From the table, the following 
remarks may be made: - 
• the level of transverse adhesive stresses S22/1 at joint failure remains well 
below the elastic limit of the adhesive ( 40MPa) 
• the transverse composite stresses S22/2 for all models are in the range of 14-
18MPa, well below the equivalent stresses in the LL shear model 
• S22/2 in the LT model is slightly lower than LL for the same failure load and 
through thickness stiffness. However, having two bi-directional layers of 
rovings may cause a difference in Poisson’s ratio effects.  This is worthy of 
further investigation 
• the RL model seems to have failed at a much lower transverse stress S22/2 than 
all other models. This suggests that the transverse strength of random fabric is 
very low and should not be used at a top layer for bondable pultrusions. This 
requires further material testing 
• the WR model shows both possibilities of failure modes 
(transverse/interlaminar), but mostly interlaminar failure proceeds. Although 
the transverse stresses ( S22/2) at location 2 were higher but the failure shifted 
to the location 3, due to following reasons: 
 the crimp nature of woven fabric in terms of weft and wrap could be 
responsible for this. This makes it difficult to fail at sub-surface level and 
probably shifts the failure between  two layers of rovings 
 the surface roving was based on small Tex roving, leading to less 
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population of voids/micro defects 
 the presence of voids/micro defects in the matrix between two layers 
(location 3). 
• The WR, LL and LT models failed at about the same load and produced more or 
less the same transverse stresses S22/2 which seem the main cause of failure. 
However, WR exhibited a higher interlaminer stress. Perhaps the nature of woven 
fabric (crimped) requires 3-D models for future work 
• the possibility of both transverse/interlaminar failures exists in IR model but 
interlaminar failure exceeds. Although the transverse stresses (S22/2, S22/3) were 
almost the same. Optical images in chapter 4 section 4.4.2 (Figure 4.28) present 
failure of the IR model. Possible reasons are as follows: 
 the top surface was made with inlaid mat, which was based on smaller 
Tex roving (3600 Tex) and hence lower voids content  
 the content of voids might be high at location 3  
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6.8 Correlations 
Good agreement was found between the FEA results for macro and meso-scale models, 
with respect to composite transverse/peel stresses at location 2 and 3. The work 
demonstrated the importance of having a detailed through thickness model of laminate. 
This enabled a better understanding of failure and the behaviour of adhesively bonded, 
pultruded composites. The numerical results are encouraging in terms of failure stress 
correlation in relation to peel stresses of the composite. A maximum scatter of 20% may be 
found in the level of failure stress among the meso and macro-scale models, taking both 
experimental and numerical results into consideration. This is very good considering the 
complexity of the composite material and delamination stresses. These stress values are 
also within the range of transverse strength of the composite for both shear and tensile 
meso-scale models (see Table 5.2 & 5.3). Furthermore, the level of scatter in the 
experimental results is relatively small. This is because many low strength specimens were 
discarded due to poor moulding or bonding at an early stage of this study.  
The stresses for the LL/Shear and LL/Tensile models are compared with the DLS macro-
scale model which was based entirely on UD rovings of the same volume fibre fraction and 
materials. Table 6.1 presents the maximum normal and shear stresses in the various 
locations.  
 
Table 6.1: Correlation between macro and meso-scale model 
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The table shows that the macro and meso-scale shear models produced similar shear 
stresses at the composite surface (location 2) – away from the edges. However, the peel 
adhesive stress is higher for the DLS model. The tensile stress S11/2 on the other hand is 
significantly different between the two models. The value of 358MPa however, is well 
below the tensile strength of the composite adherend (600MPa). This may suggest that the 
single lap shear joint used here (TAST) may not be the best representation for double lap 
joints in pultrusion, some literature  referred to this as a butt joint [28].  
The most relevant comparison here is the maximum transverse stresses which are shown in 
Figure 6.14 for the two shear models. The curves of the stress distributions along the joint 
are at locations 2 and 3. These indicate a close correlation for maximum transverse stresses 
nearer the edge of the joints/models. These and the table suggest that the difference in the 
maximum transverse stresses between the two at failure loads is less than 6%. Stresses in 
location 3 for the two models (0.6mm below the surface) are not that close.  Assuming that 
failure is due to S22/2 in both models, it is suggested that the meso-scale model here is a 
very effective tool to study adhesion in large shear/butt joints.  
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Figure 6.14: FEA through thickness stress distribution at different offset 0.05mm and 
0.6mm on: a). macro-scale DLS model, b). meso-scale LL model 
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Ideally the correlation should be extended to include other models i.e. LT, RL, WR and IR.  
In fact the lack of test results for equivalent DLS joints was the main reason to exclude 
this. The only pultrusion strips which were obtained from the manufacturer for 
comparisons were the UD strips (equivalent to LL) used for the DLS joints.  Considering 
the excellent performance of the IR model, equivalent materials were requested but this is 
outside the time of this project. The IR is a type of combination mat which may prove to be 
the way forward for bondable pultrusions.  
However, comparing the two correlated models (LL and DLS) with the LL/Tensile model, 
gives a difference over 40% in the transverse stresses at failure loads. These clearly donot 
correlate. This trend seen again in Figures 6.11 and 6.13 for the through thickness shear 
and transverse stresses. Once again having the tensile specimen with low S11/2 (see Table 
6.1) is perhaps the main reason for such a large difference. This suggests that the 
transverse failure stress requires further investigation and hence a micro-scale model was 
needed to understand this. 
6.9 Micro-scale modelling 
In the micro-scale analysis, two models were constructed in Abaqus and further details are 
given in chapter 5 (see section 5.5.1). The single glass filament of diameter ~16µm, with 
matrix resin, is considered as a single filament mode in the first model. Different sizes of 
voids, up to 10µm are considered here to explain their affect on strength.  
Figure 5.25 showed the transverse stress response in composites at a micro-scale level at 
different void sizes at the most critical locations. In fact, this explains that the transverse 
stress within the matrix could be very significant (about 88MPa). This is well within the 
bulk vinyl ester strength provided by the manufacturer (90MPa). It is clear that voids/micro 
defects can easily take the relatively low transverse stress of about 20-22MPa (from macro 
and meso-scale models) and also provided by the manufacturers. The aim of the second 
model (see Figure 5.26) is to explain the effect of combined longitudinal/transverse 
loadings of filament on the level of transverse stress in the matrix beneath it. The 
mechanism in Figure 6.15 represents aspects of filament /resin interface behaviour within 
DLS joints and where LL top fabric is used. The top fabric will be loaded in tension 
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(Ftensile) while the adhesive introduces the peeling force (Ftransverse).  The whole mechanism 
will give a better picture of the difference between shear and tensile models. The diagram 
shows that Ftensile suppresses the transverse stresses resulted from Ftransverse. This combined 
loading produced another normal component Fdown , which was added in Fresin as shown in 
equation 1. The analysis shows that the Ftensile tend to suppress the transverse stresses, as 
shown in Table 6.2. This finding helps to explain the reason for the lack of correlation 
between LL/Tensile and LL/Shear meso-scale models with reference to S22/2 (see table 
6.1) 
                                   
 
 
Figure 6.15: Fibre/matrix interface mechanism 
 
 
Table 6.2: Transverse Stresses in resin under combined tensile and shear loading 
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In fact, the tensile micro-scale modelling is the way forward to determine the actual failure 
stresses in bonded composite joints.  This will also enable the study of adhesion 
characterisation and improvement. The major challenge, however, is devising an 
experimental technique to perform the test and measure transverse strength at a micro-scale 
level and this is considered as future work. It is unlikely that an actual interface model is 
feasible due to the cost associated with micro-mechanics problems of this nature. However, 
a scale-model might be the way forward and would require dimensional analysis to 
establish.  
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Chapter 7 
 
Conclusions and  
Recommendations  
 
 
 
7.1 Conclusions 
The “pseudo-pultrusion” has proven to be an effective technique in producing small 
laminates with different fabric arrangements. Sandwiching these laminates between 
metallic adherends enables the study of their adhesion in shear and tension. This enabled a 
good comparison and optimization of the various fabric arrangements. However, more 
moulding and adhesive bonding parameters need to be considered, including the effects of 
Tex size, size of filaments, volume fraction and type of adhesives. The effect of moulding 
conditions in terms of fibre tension and clamping may also have an influence on the 
adhesion of the laminate, mainly through the changing volume fraction. The mould 
conditions could lead to residual stresses in the laminate that may affect the adhesion test 
results. The study demonstrated the validity of the “pseudo-pultrusion” technique in 
relation to the LL laminates in terms of the level of defects, fibre distribution (see Figure 
6.2) and also in term of failure stress correlation (see Figure 6.14). However, the validity of 
the technique in relation to the IR and other meso-scale laminates requires verification 
through the moulding of a large scale pultrusion by manufacturers.  
The experimental results demonstrated the effectiveness of combining the 0/90o inlaid 
rovings with random mat (IR). This resulted in a higher strength than the woven equivalent 
(WR), recently used by pultruders,   both in shear and in tension modes. The inlaid fabric 
would also result in a more uniform surface finish (non-crimp) in comparison with woven 
or random equivalents.   
LL provides a higher longitudinal stiffness than LT and RL due to fibre orientation in 
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relation to specimens’ loading direction. In addition this produced higher strength as 
shown in Table 5.2 (see Chapter 5).  The strength of LL could even produce a higher joint 
strength should a thinner roving (smaller Tex) be used. However, the LL resulted in a 
higher strength scatter in comparison to the other fabric arrangements and this is perhaps 
due to high void defects associated with the large Tex roving. In addition, LL fabric 
architecture has very limited practical applications. 
Due to the geometry, loading and boundary conditions of the meso-scale shear models the 
composite transverse stress is maximum just below the free edge to the right of the 
adhesive bondline. Therefore failure is expected to initiate in this region due to high 
transverse/peel stress just below the well-consolidated resin coating layer, a few filaments 
deep below the composite surface. This may be referred to as intralaminar failure because 
of fibre/matrix interface failure or failure due to voids/micro defects. This damage could 
also initiate at the interlaminar location between the fabric layers (mats), where there is a 
resin-rich matrix layer parting two layers into the overlap region of the composite.   
The determination of the transverse stresses are more challenging in pultruded composites. 
This is due to the complex nature of the material lay-up. The low aspect ratio of fibre 
through the thickness of laminate and voids/micro defects puts the major effect on the 
enhancement of through thickness transverse/peel stresses. Under these situations the 
Maximum Stress or Hashin failure criteria are recommended for prediction of failure 
initiation in adhesive bonded pultruded joints. The former is perhaps more accurate. 
Finally, the following specific conclusions may be made: 
• having detailed through thickness layers in the numerical modeling of 
composites enables a better understanding of failure and behaviour of 
adhesively bonded pultruded composites 
• the concept of moulding meso-scale laminates is a very worthwhile tool to 
investigate material parameters without the need to mould large laminates. It 
also allows detailed through thickness modelling and accounts for failure 
stresses 
• the IR top fabric layer which is based on a relatively small size Tex rovings 
produced the highest joint strength both in shear and tension joints compared to 
                                                                                                                                                                              
                                                                                  Chapter 7: Conclusions and Recommendations 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       170 
 
other fabrics. The shear IR joints produced a strength improvement of over 50% 
in comparison to the RL  
• a good numerical correlation of failure stresses was obtained using 2-D models 
for the macro-scale DLS and meso-scale LL/Shear models. A maximum scatter 
of 20% in level of failure stress is very good, considering the complexity of the 
composite material and their delamination stresses 
• the transverse stresses in the macro and meso-scale models dictate composite 
failure within bonded joints. It seems that the Maximum Stress failure criterion, 
with respect to the maximum transverse composite stress, is more relevant to 
bonded composite joints than other failure criteria 
• the micro-scale models are very important in determining the actual failure 
stresses. These also help to explain the mechanics of filament/resin failure 
under combined longitudinal and transverse loadings as well as the effect of 
voids at the interfaces. 
 
7.2 Recommendations 
Although the strength of adhesively bonded pultruded joints could already be improved 
through this research, there are still areas for further research. More experimental and 
numerical work is recommended to optimize the materials for adhesion and get a better 
understanding of the behaviour of adhesively bonded pultruded joints. Future work may 
include the following areas. 
• the validity of the “pseudo-pultrusion” technique in relation to the IR requires 
verification through comparing with large scale pultrusion by the manufacturer 
• to measure the structural efficiency of  pultrusions based on IR fabric, as top 
layers taking into consideration joint geometry and dual adhesive system to 
enhance the joint efficiency  
• extensive experimental work has been done in this research and future work 
should focus on further FEA analysis, including 3-D modelling of woven and 
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inlaid fabric with different Tex sizes 
• further work is needed on the tensile meso-scale and micro-scale modelling to 
determine the actual failure stresses in bonded composite joints 
• to study effects of  voids shape, size and location and filament diameters on 
adhesion 
• to devise an experimental technique to measure transverse strength at a micro-
scale level. For cost reasons, an up scale-model might be the way forward. This 
will require dimensional analysis. 
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A.1 Pultruded transverse tensile specimen 
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A.2 Silicone rubber mould fabrication 
The following steps followed during the fabrication of silicon rubber mould and their 
schematic views are shown in Figure A.1.1. 
a). Moulding gate glued with aluminium dumbbell shaped specimen. 
b). Placed all glued specimen with equal space in wooden box. 
c). Manual mixing of MCP SILICONE RUBBER (TYPE KE-1300T) and catalyst of  
      mixing ratio by weight is 10:1 in jar at least 8-10min until get homogeneous     
      mixture. 
d). Mixture jar in vacuum oven to remove all air. 
e). Poured all mixture in wooden box and put again in Vaccum oven to remove all  
      remaining air. 
f). Wooden box in vacuum oven. 
g). Finally cured in oven at 80oC for 2hrs. 
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A.2.1 Silicone rubber mould fabrication 
 
 
Figure A.2.1:  Schematic view of silicone rubber mould fabrication 
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A.2.2    MCP SILICONE RUBBER technical data sheet (KE-1300T) 
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A.3 Adhesive bulk specimen 
 
Figure A.3.1: Adhesive bulk tensile test specimen 
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The ratio of strains measured normal and parallel to the load directions was taken as 
Poisson’s ratio and ratio of stress and axial strain gives Young’s modulus.  The average 
calculated by Young’s modulus and Poisson’s ratio as tabulated in Table A.3.1 is in line 
with the value reported by adhesive supplier. Figure A.3.2 illustrates linear stress-strain 
curve obtained from bulk Araldite® 2015. 
       
 
Figure A.3.2: Adhesive dog bone specimen with trap air bubble in circle 
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Table A.3.1: Data measured from bulk adhesive specimen 
 
 
 
Figure A.3.3: Stress-strain curve obtained from bulk adhesive dog-bone specimen 
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A.4 HUNSTMAN technical data sheet (Araldite 2015) 
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A.5 CIBA-GEIGY technical data sheet (AY 103/AY 105) 
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A.6 DSM Composite resin 
 
A.6.1 technical data sheet (Atlac 430) 
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A.6.2 Stress-strain curve of Atlac 430 
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Appendix B 
                Experimental Programme 
 
B.1. Engineering Drawings of meso-scale laminate moulding jig  
 
Figure B.1.1: Meso-scale moulding jig ( Full Assembly)
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Figure B.1.2: Meso-scale moulding jig (Exploded view) 
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B.2. Meso-scale joint bonding 
B.2.1. C-clamp as a  bonding jig 
 
 
Figure B.2.1: Tensile specimen bonding 
 
 
Figure B.2.2: Shear specimen bonding
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B.2.2. Macro bonding jig 
 
 
Figure B.2.3: Macro bonding jig 
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B.2.3. Engineering drawing of advance bonding jig 
B.2.3.1. Tensile bonding jig 
 
Figure B.2.3.1: Tensile bonding jig (Exploded view)
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Figure B.2.3.2: Tensile bonding jig (Full assembly)
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B.2.3.2. Shear bonding jig 
 
Figure B.2.3.3: Shear bonding jig (Exploded view)
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Figure B.2.3.4: Shear bonding jig (Full assembly)
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B.3. Engineering Drawings of Clamping Adaptor 
B.3.1. Tensile clamping adaptor 
      
Figure B.3.1: Tensile clamping adaptor
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B.3.2. Shear clamping adaptor 
 
      
Figure B.3.2: Shear clamping adaptor 
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B.3.3. Alignment adaptor 
 
   
Figure B.3.3: Shear-tensile adaptor
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B.4. Engineering Drawings of adherend 
B.4.1. Shear aluminium adherend  
     
Figure B.4.1: Shear adherend jig
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B.4.2. Tensile aluminum adherend 
   
Figure B.4.2: Tensile adherend jig
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B.5. Macro-scale joint bonding 
B.5.1. Macro bonding jig 
     
 
Figure B.5.1: Macro bonding jig
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B.6 Experimental results 
B.6.1 Shear specimen 
 
Figure B.6.1.1: Failure load Vs extension curve of LT shear specimen 
 
 
Figure B.6.1.2: Failure load Vs extension curve of RL shear specimen
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       Figure B.6.1.3: Failure load Vs extension curve of WR shear specimen 
 
              
        Figure B.6.1.4: Failure load Vs extension curve of IR shear specimen
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B.6.2 Tensile specimen 
 
 
Figure B.6.2.1: Failure load Vs extension curve of LT tensile specimen 
 
 
Figure B.6.2.2: Failure load Vs extension curve of RL tensile specimen 
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Figure B.6.2.3: Failure load Vs extension curve of WR tensile specimen 
 
 
Figure B.6.2.4: Failure load Vs extension curve of IR tensile specimen
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               Appendix C 
 
Finite Element Analysis 
 
 
ABAQUS/CAE is an all-purpose finite element analysis tool with enormous range of 
engineering simulation programs capable of modelling under varying conditions. The FEA 
based on three distinct stages, preprocessing, simulation and post-processing are shown in 
Figure 5.1.  
 
Figure 5.1: Three stages in finite element analysis 
In pre-processing, the FE model is created either graphically by using ABAQUS/CAE or 
through log file. Model log file can be generated directly using text editor by a more 
experienced user, even though preprocessing with graphical interface is more straight
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forward. In simulation, the FE model, which was created in either ABAQUS/CAE or as 
log file was solved. During simulation running, element displacements are considered from 
the nodal displacement and finally stresses are calculated from element displacement. The 
output of simulation in the form of displacement and stresses were then ready to post-
processing. Simulation time is varying from job to job; totally depend on the complexity of 
model and the speed of computer being used. In post-processing, the user could evaluate 
the simulation results. This evaluation is normally turn out with the interface of 
visualization module of ABAQUS/CAE. This visualization module scans the binary data 
and converts into graphical output.  ABAQUS/CAE has different option for results 
displacement, for example colour contour plots, displacement plot, X-Y plot for both stress 
and displacement. X-Y plot data may also be exported for additional processing by 
Microsoft Excel. 
 
Figure 5.2: ABAQUS file environment 
Temporary and permanent files were generated during simulation.  The schematic view of 
ABAQUS file environment is shown in Figure 5.2.  
                                                                                                                                                                              
                                                                                                 Appendix C : Finite Element Analysis 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                     C-3 
 
(.inp)      The Input file contains all exact number of instructions.  
(.res)       The restart file, ABAQUS itself restart the solution from where it went   
               off from previous simulation. 
(.sta)        The status file, contains all record about progress of simulation and  
                nonlinear analysis including steps and number of increments. 
(.log)       The log file, contains all record of commands together with CPU  
                processing  time. 
(.msg)      The message file, contains all record about the progress of simulation. 
(.odb)       The output data base file, contain all record read from the visualisation  
                 modul
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Appendix D 
 
                        Failure Criteria 
 
 
Tsai-Wu Failure Criterion [Tsai & Wu, 1971] 
 
Tsai-Wu failure criterion [159] identifies the failure initiation and its growth correctly 
within the laminate but does not identify the failure modes, such as fibre, matrix, or 
fibre/matrix delamination as failure mode.  Failure is detected in a particular layer of 
element by element failure; causes the corresponding elements laminate stiffness changes 
according to material property degradation model. Tsai-Wu criteria, failure occurs when 
the following criterion is satisfied in any one of the lamina. 
 
 
 
 
In-plane modes of failure are the main focus here. Let us assume that σ11 (Longitudinal), 
σ22 (Transverse), and τ12 (In-plane shear) are the in-plane stresses within the lamina and in-
plane strength along longitudinal (Xt, Xc), transverse (Yt, Yc) and shear Sc with T and C 
represents tension and compression respectively and   Fi , Fij  is the tensor strength factor 
that depends on ultimate stress values, which are expressed as: 
 
 
 
 
 
 
 
 
Hashin Failure Criterion. [Hashin, 1973]
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Hashin failure criterion [157] identifies that failure takes place when the failure index 
exceeds unity for the subsequent failure modes as long as that the materials are elastic 
[40,145]. Let us assume that σ11 (Longitudinal), σ22 (Transverse), and τ12 (In-plane shear) 
are the in-plane stresses within the lamina and in-plane strength along longitudinal (Xt, Xc), 
transverse (Yt, Yc) and shear Sc with T and C represents tension and compression 
respectively [160].   
 
1. Fibre failure:   
 
                 (Tensile)                                 Fibre breakage                    
  
 
                 (Compressive)                                           Fibre buckling                        
 
2. Matrix failure: 
 
                 (Tensile)                                                    Matrix creaking
 
                   
 
               (Compressive)                                             Matrix creaking              
       
 
 
Tsai-Hill failure criterion [161]:   
 
Failure takes place within uni-directional laminae when the calculated value equals, or 
exceeds 1. 
1.
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Where Xt, Xc, Sc are the tensile, compressive and shear strength of lamina.
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Principal stresses failure criterion:  
 
Failure takes place in any isotropic material like an adhesive, coating resin and matrix 
resin, when the maximum in plane principal stress is greater than the material’s yield 
stress. 
 
 
 
Maximum Stresses failure criterion:  
Maximum stress failure criterion has been used for isotropic material failure [162] without 
the interaction of other stress components. Failure takes place when any of the stress 
components reaches its corresponding limits. i.e.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
YSSP ≥+
−
±
+
=
2
12
2
22112211
2
)(
2
)(2,1 τσσσσ
ct orXX≥11σ
ct orYY≥22σ
cS≥12τ
                                                                                                                                                                              
                                                                                                                Appendix D : Failure Criteria 
  
 
 
 
    
                                                                                                                                                         
                                                                                                                                                                             
                                                                                                                                                       D-3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                              
                                                                                                                Appendix D : Failure Criteria 
  
 
 
 
    
          
                                                                                                                                                                             
                                                                                                                                                     A-1 
 
                                                                                                                                                                              
                                                                                                                Appendix D : Failure Criteria 
  
 
 
 
    
          
                                                                                                                                                                             
                                                                                                                                                     A-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                              
                                                                                                                                       List of Figures 
 
 
 
 
    
          
                                                                                                                                                                             
                                                                                                                                                     A-1 
 
 
